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INTRODUCTION 


The  sodium  iodide  symporter  (NiS)  mediates  iodide  uptake  in  thyroid  follicuiar  ceiis  and 
provides  a  mechanism  for  effective  radioiodide  treatment  of  residual,  recurrent,  and 
metastatic  thyroid  cancers.  The  objective  of  the  proposed  research  is  to  test  the 
hypothesis  that  expression  of  exogenous  hNIS  in  prostatic  tissue  will  enable  radioiodide 
to  localize  and  ablate  residual  prostate  cancer  following  prostatectomy,  such  that 
recurrence  and  metastasis  of  the  disease  can  be  prevented.  The  specific  aims  of  this 
project  are  to;  (1)  confirm  metastatic  progression  to  distant  lymph  nodes  and  lungs 
following  subcutaneous  inoculation  of  rats  with  MATLyLu  prostatic  adenocarcinoma 
cells  expressing  hNIS;  (2)  investigate  whether  radioiodide  therapy  will  prevent 
metastases  and/or  prolong  survival  in  rats  bearing  subcutaneous  MATLyLu  tumors  that 
express  hNIS;  (3)  determine  the  expression  level  of  hNIS  required  to  elicit  selective 
radioiodide-mediated  killing  of  MATLyLu-hNIS  prostatic  adenocarcinoma  cells  in  vivo; 
and,  (4)  restrict  hNIS  expression  in  prostatic  tissue  under  transcriptional  regulation  of 
prostate-specific  promoter. 


BODY 

Task  1.  Confirm  metastatic  progression  to  distant  lymph  nodes  and  lungs  following 
subcutaneous  inoculation  of  rats  with  MATLyLu  prostatic  adenocarcinoma  cells 
expressing  hNIS:  Completed  in  Year  1  with  one  published  paper 

KMD  La  Perle,  D  Shen,  TLF  Buckwalter,  B  Williams,  A  Haynam,  G  Hinkle,  R  Pozderac, 
CC  Capen,  and  SM  Jhiang  (2002)  “In  Vivo  Expression  and  Function  of  the  Sodium 
Iodide  Symporter  Following  Gene  Transfer  in  the  MATLyLu  Rat  Model  of  Metastatic 
Prostate  Cancer”,  The  Prostate,  50: 170-178. 


Task  2.  Investigate  whether  radioiodide  therapy  will  prevent  metastases  and/or  prolong 
survival  in  rats  bearing  subcutaneous  MATLyLu  tumors  that  express  hNIS  (Months  12- 
24,  completed) 

Appendix  1:  KMD  La  Perle,  EAG  Blomme,  CC  Capen.  and  SM  Jhiang  (2003)  “Effect  of 
Exogenous  Human  Sodium/Iodide  Symporter  Expression  on  Growth  of  MatLyLu  Cells”,  Thyroid 
13:133-140 

Appendix  2:  DHY  Shen,  DK  Marsee,  J  Schaap,  W  Yang,  J-Y  Cho,  G  Hinkle,  HN  Nagaraja,  RT 
Kloos,  RF  Barth,  and  SM  Jhiang  (2004)  “Effects  of  dose,  intervention  time,  and  radionuclide  on 
sodium  iodide  symporter  (NIS)  targeted  radionuclide  therapy”.  Gene  Therapy  161-169. 

As  reported  in  the  previous  annual  report,  we  found  that  NIS  expression  inhibits 
MATLyLu  cell  growth  (La  Perle  et  al,  2003).  We  also  found  that  the  time  course  of  tumor 
progression  and  spread  of  metastases  vary  significantly  among  animals  even  in  the 
same  experimental  group  (La  Perle  et  al,  2002,  and  La  Perle  et  al,  2003).  Thus,  we  have 
chosen  an  alternative  animal  model  to  investigate  the  therapeutic  effectiveness  of  NIS- 
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mediated  radioiodide  therapy  (Shen  et  al,  2004).  The  effectiveness  of  NIS  as  a  gene 
therapy  agent  lies  in  its  ability  to  mediate  the  uptake  of  a  variety  of  radionuclides,  such 
as  ^^^l,  ^"l,  and  ^®®Re04.  We  have  conducted  a  study  comparing  the  therapeutic 
effectiveness  of  these  different  radionuclides  in  NIS-expressing  gliomas,  which  have 
relatively  uniform  survival  time  among  untreated  animals.  We  show  that:  (1)  the 
therapeutic  effectiveness  of  ^^^1  in  prolonging  the  survival  time  of  rats  bearing  F98/hNIS 
gliomas  is  dose-  and  treatment-time-dependent;  (2)  the  number  of  remaining  NIS 
expressing  tumor  cells  decreased  greatly  in  RG2/hNIS  gliomas  post  ^^^1  treatment  and 
was  inversely  related  to  survival  time;  (3)  8  mCi  each  of  is  as  effective  as  16  mCi 
alone,  despite  a  smaller  tumor  absorbed  dose;  (4)  ^®®Re04,  a  potent  p  emitter,  is 
more  efficient  than  ^^^l  to  enhance  the  survival  of  rats  bearing  F98/hNIS  gliomas.  These 
studies  demonstrate  the  importance  of  radiopharmaceutical  selection,  dose,  and  timing 
of  treatment  to  optimize  the  therapeutic  effectiveness  of  NIS-targeted  radionuclide 
therapy. 


Task  3.  Determine  the  expression  level  of  hNIS  required  to  elicit  selective  radioiodide- 
mediated  killing  of  MatLyLu-hNIS  prostatic  adenocarcinoma  cells  in  vivo  (months  18-36, 
in  progress) 

We  hypothesize  that  radioiodide  uptake  in  vivo  correlates  with  NIS  expression  levels 
within  a  certain  range.  We  have  been  trying  to  establish  MatLyLu  clonal  cells  with 
doxycycline-inducible  NIS  expression  so  that  we  could  determine  the  range  of  NIS 
expression  levels  required  to  elicit  radioiodide-mediated  killing  effects.  Unfortunately, 
we  have  failed  to  acquire  doxycycline-inducible  MatLyLu-hNIS  clones  despite  several 
attempts.  However,  we  have  been  able  to  establish  doxycycline-inducible  hNIS  clones 
using  other  cell  lines.  We  are  now  trying  to  switch  to  other  human  prostate  cancer  cell 
lines  to  accomplish  this  task. 


Task  4.  Restrict  hNIS  expression  in  prostatic  tissue  under  transcriptional  regulation  of 
prostate-specific  promoters  (Months  1-36,  in  progress) 

Appendix  3:  DK  Marsee,  DHY  Shen,  LR  MacDonald,  DD  Vadysirisack,  X  Lin,  G  Hinkle,  RT 
Kloos,  SM  Jhiang  (2004)  “Imaging  of  Pulmonary  Tumors  Following  NIS  Gene  Transfer  Using 
Single  Photon  Emission  Computed  Tomography”,  Cancer  Gene  Therapy  in  press. 

Since  the  most  challenging  issues  of  gene  therapy  remains  vector  delivery  to  the  target 
tissue,  we  have  been  trying  to  use  NIS  as  imaging  reporter  gene  to  optimize  vector 
delivery  efficiency,  in  addition  to  engineer  adenovirus  carrying  NIS  under  the  control  of 
prostate-specific  promoter.  Due  to  the  high  mortality  associated  with  pulmonary  tumor 
metastases,  we  have  focused  our  MatLyLu  studies  on  the  use  of  NIS  in  gene  therapy 
for  lung  tumor  nodules  (Marsee  et  al,  2004).  In  this  study,  we  established  NIS- 
expressing  pulmonary  tumors  in  nude  mice  by  intravenous  injection  of  tumor  cells  and 
Investigated  the  minimal  tumor  size  required  for  in  vivo  detection  of  pulmonary  tumors 
by  single  photon  emission  computed  tomography  (SPECT)  with  pinhole  collimation.  In 
order  to  define  the  anatomic  location  of  NIS-expressing  tumor  nodules  detectable  by 
SPECT,  we  performed  simultaneous,  dual-isotope  imaging.  We  injected  1  mCi  99mTc- 
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MAA  via  tail  vein  to  image  pulmonary  perfusion  and  injected  1  mCi  Na’“l 
intraperitoneally  to  image  NIS-expressing  tumors.  Fused  images  showed  that 
MAA  perfusion  defects  correlated  with  NIS-mediated  ^^®l  uptake.  Post-mortem  analysis 
revealed  that  tumors  3  mm  in  diameter  could  be  detected  by  SPECT  with  pinhole 
collimation.  These  studies  demonstrate  the  feasibility  of  SPECT  to  detect  pulmonary 
tumors  expressing  exogenous  NIS  in  mice. 

We  have  also  been  exploring  different  methods  to  efficiently  deliver  adenoviruses  to 
MatLyLu  pulmonary  tumor  nodules.  In  vitro  studies  demonstrated  that  MatLyLu  cells  are 
highly  susceptible  to  adenoviral  infection.  Initially,  we  attempted  to  deliver  adenoviruses 
via  intravenous  delivery.  Viral  gene  expression  was  found  in  the  liver,  but  not  in  either 
the  lung  parenchyma  or  pulmonary  tumor  nodules.  We  also  performed  intratracheal 
injection  to  deliver  viruses  to  pulmonary  tumors.  Whereas  the  lung  parenchyma 
showed  strong  viral  gene  expression,  the  tumor  nodules  were  not  infected.  These 
results  suggest  that  MatLyLu  pulmonary  tumors  do  not  communicate  with  the  alveolar 
airspace,  likely  due  to  the  localization  of  MatLyLu  tumors  on  the  surface  of  the  lung.  We 
are  currently  in  the  process  of  performing  intrapleural  adenoviral  delivery  as  a  means  to 
infect  pulmonary  metastases. 


KEY  RESEARCH  ACCOMPLISHMENTS 

•  Demonstrate  the  importance  of  radiopharmaceutical  selection,  dose,  and  timing  of 
treatment  to  optimize  the  therapeutic  effectiveness  of  NIS-targeted  radionuclide 
therapy 

•  Demonstrate  the  feasibility  of  single  photon  emission  computed  tomography 
(SPECT)  to  non-invasively  detect  pulmonary  metastases  of  MatLyLu-hNIS  tumors 
with  a  diameter  of  3  mm  in  size  in  mice. 

REPORTABLE  OUTCOMES 

Manuscript  1:  KMD  La  Perle,  EAG  Blomme,  CC  Capen,  and  SM  Jhiang  (2003)  “Effect  of 
Exogenous  Human  Sodium/Iodide  Symporter  Expression  on  Growth  of  MatLyLu  Cells”,  Thyroid 
13:133-140 

Manuscript  2:  DHY  Shen,  DK  Marsee,  J  Schaap,  W  Yang,  J-Y  Cho,  G  Hinkle,  HN  Nagaraja, 
RT  Kloos,  RF  Barth,  and  SM  Jhiang  (2004)  “Effects  of  dose,  intervention  time,  and  radionuclide 
on  sodium  iodide  symporter  (NIS)  targeted  radionuclide  therapy”.  Gene  Therapy  "W.  161-169. 

Manuscript  3:  DK  Marsee,  DHY  Shen,  LR  MacDonald,  DD  Vadysirisack,  X  Lin,  G  Hinkle,  RT 
Kloos,  SM  Jhiang  (2004)  “Imaging  of  Pulmonary  Tumors  Following  NIS  Gene  Transfer  Using 
Single  Photon  Emission  Computed  Tomography”,  Cancer  Gene  Therapy  \n  press. 

CONCLUSIONS 

•  Selecting  the  optimal  radiopharmaceuticals,  as  well  as  the  optimal  dose  and  timing 
of  treatment,  could  further  optimize  NIS-targeted  radionuclide  therapy  for  prostate 
cancer. 
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•  NIS  can  serve  as  an  imaging  reporter  gene  to  optimize  vector  delivery  for  prostate 
cancer  gene  therapy. 
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Effect  of  Exogenous  Human  Sodium  Iodide  Symporter 
Expression  on  Growth  of  MATLyLu  Cells 


Krista  M.D.  La  Perle.^  Eric  A.G.  Blomme  ^  Charles  C.  Capen.^  and  Sissy  M.  Jhiang^-^ 


The  sodium  iodide  symporter  (NIS)  mediates  iodide  uptake  in  thyroid  cells  and  enables  the  effective  radioio- 
dide  treatment  of  thyroid  cancers.  TTiere  is  much  interest  in  facilitating  radioiodide  therapy  in  other  cancers  by 
NIS  gene  transfer.  This  study  showed  that  exogenous  NIS  expression  decreased  MATLyLu  rat  prostatic  ade¬ 
nocarcinoma  cell  growth.  Tumor  growth  and  metastatic  progression  were  significantly  delayed  in  syngeneic 
rats  injected  with  mixed  or  clonal  populations  of  MATLyLu-NIS  cells  compared  to  rats  with  control  tumors. 
MATLyLu-NIS  tumors  in  nude  mice  had  a  lower,  albeit  not  statistically  sigmficant,  growth  rate  than  control 
tumors.  The  Ki-67  labeling  index  in  NIS-positive  areas  was  lower  than  in  NIS-negative  areas  of  rat  tumors  de¬ 
rived  from  a  mixed  population  of  MATLyLu-NIS  cells.  Growth  of  clonal  populations  of  MATLyLu-NIS  cells 
was  delayed  in  vitro.  These  results  demonstrate  that  NIS  expression  inhibits  MATLyLu  cell  growth,  thereby 
providing  an  additional  potential  benefit  of  NIS-mediated  gene  therapy  for  cancer. 


INTRODUCTION 

The  inherent  ability  of  the  thyroid  gland  to  transport  io¬ 
dide  is  mediated  by  the  sodium  (Na+)/iodide  (!')  sym¬ 
porter  (NIS)  (1).  This  13-transmembrane  glycoprotein  pres¬ 
ent  on  the  basolateral  membrane  of  thyroid  follicular 
epithelial  cells  couples  the  inward  movement  of  two  Na+ 
ions  with  one  I"  ion  in  an  active  process  driven  by  a  Na"^  /K^ 
adenosine  triphosphatase  (ATPase)  (1).  Consequently,  the 
thyroidal  intracellular  concentration  of  I~  is  20-  to  40-fold 
higher  than  that  in  plasma  (1).  This  uptake  of  1“  is  a  crucial 
step  in  the  production  of  the  thyroid  hormones,  triiodothy¬ 
ronine  (T3)  and  tetraiodothyronine  or  thyroxine  (T4).  In  ad¬ 
dition,  this  aspect  of  normal  thyroid  physiology  has  been 
successfully  exploited  for  the  localization  and  ablation  of  re¬ 
sidual,  recurrent,  and  metastatic  thyroid  cancer  subsequent 
to  radionuclide  administration.  The  standard  therapeutic 
regimen  for  thyroid  cancer,  which  combines  thyroidectomy 
followed  by  radioiodide  therapy,  has  contributed  to  excel¬ 
lent  10-year  survival  rates  and  low  recurrence  and  mortality 
rates  with  minimal  side  effects  (2). 

As  a  result  of  this  success  in  treating  thyroid  cancer,  gene 
therapy  strategies  using  NIS  have  become  attractive  for  the 
treatment  of  various  types  of  cancer.  In  recent  years,  several 
studies  have  investigated  the  clinical  applications  of  either 
rat  (rNIS)  or  human  (hNIS)  NIS  gene  transfer  by  nonviral 
and  viral  methods  for  in  vitro  cell  killing,  in  vivo  imaging, 
and/or  radioiodide  therapy  of  cervical,  breast,  hepatic,  thy¬ 


roid,  and  prostate  cancer,  and  melanoma  xenografts  in  ro¬ 
dents  (3-11).  The  majority  of  these  studies  have  utilized  im- 
mimodeficient  mice  bearing  subcutaneous  human  cancer 
xenografts  (3,4,6,8,10,11),  with  fewer  studies  using  syngeneic 
rat  models  (5,7,9).  We  recently  reported  the  detection  of  sub¬ 
cutaneous  tumors  and  metastases  in  lymph  nodes  by  nuclear 
scintigraphy  following  ex  vivo  retroviral  gene  transfer  of 
hNIS  in  the  MATLyLu  syngeneic  rat  model  of  metastatic 
prostate  cancer  (9).  During  the  course  of  this  study,  we  ob¬ 
served  that  NIS-transduced  tumors  were  smaller  and  pro¬ 
gressed  at  a  slower  rate  in  vivo  than  parental  or  vector-trans¬ 
duced  tumors.  The  aim  of  the  current  study  was  to  explore 
this  further  and  determine  the  effect  of  hNIS  expression  on 
the  growth  of  MATLyLu  rat  prostatic  adenocarcinoma  cells 
in  vitro  and  in  vivo  in  the  absence  of  radioiodide  therapy. 

Materials  and  Methods 

Recombinant  hNIS  retrovirus 

Recombinant  retroviral  DNA  constructs  containing  either 
hNIS#9  cDNA  or  FLhNIS  cDNA  were  engineered  using  the 
retroviral  vector  LXSN  (kindly  provided  by  Dr.  Kathleen 
Boris-Lawrie,  The  Ohio  State  University,  Columbus,  OH)  to 
produce  L-hNIS-SN.  The  protein  encoded  by  hNIS#9  is  trun¬ 
cated  because  of  the  absence  of  the  last  31  amino  acids  at  the 
C-terminus.  This  truncated  protein  is  functional;  however, 
available  anti-hNIS  antibodies  recognize  the  C-terminus  of 


^Department  of  Veterinary  Biosciences,  The  Ohio  State  University,  Columbus,  Ohio. 
^Pharmacia,  Skokie,  Illinois. 

^Department  of  Physiology  and  Cell  Biology,  The  Ohio  State  University,  Columbus,  Ohio. 
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the  FLhNIS.  L-hNIS-SN  expresses  hNIS  cDNA  under  the 
control  of  the  5'  Moloney  murine  leukemia  virus  long  ter¬ 
minal  repeat  promoter  (L)  and  expresses  a  neomycin  resis¬ 
tance  gene  (N)  under  the  control  of  an  internal  simian  virus 
40  promoter  (S)  (12).  Retrovirus  was  generated  as  previously 
described  (9). 

MATLyLu  cells  and  syngeneic  Copenhagen  rat  animal 
model 

The  MATLyLu  cell  line  is  one  of  several  sublines  devel¬ 
oped  from  a  spontaneous  prostatic  adenocarcinoma  in  a 
Copenhagen  rat  (13).  The  MATLyLu  subline  is  a  rapidly 
growing,  androgen-independent,  anaplastic  cell  line  that  is 
highly  metastatic  to  ipsilateral  lymph  nodes  and  lungs 
after  subcutaneous  injection  in  syngeneic  Copenhagen  rats 
(14-16).  MATLyLu  cells  were  obtained  from  Dr.  Laurie  K. 
McCauley  (Department  of  Periodontics /Prevention/Geri¬ 
atrics,  University  of  Michigan,  Ann  Arbor,  MI),  the  European 
Collection  of  Cell  Cultures  (EC ACC,  #94101454,  Salisbury, 
Wiltshire,  United  Bongdom),  and  Dr.  Albert  A.  Geldof 
(Academisch  Ziekenhuis  Vrije  Universiteit,  Amsterdam,  The 
Netherlands),  and  were  maintained  in  RPMI-1640  supple¬ 
mented  with  10%  fetal  bovine  serum,  100  U/mL  of  penicillin 
G  sodium,  100  /xg/mL  of  streptomycin  sulfate,  2  mM  of  l- 
glutamine,  1  mM  of  sodium  pyruvate,  10  mg/mL  of  insulin, 
5,5  mg/mL  of  transferrin,  and  6.7  p^/mL  or  sodium  selen¬ 
ite.  All  cell  culture  media  and  reagents  were  purchased  from 
Gibco-BRL  Life  Technologies,  Inc.  (Grand  Island,  NY)  unless 
otherwise  stated.  Cells  were  transduced  by  incubation  with 
1  mL  of  filtered  L-hNIS#9-SN,  L-FLhNIS-SN,  or  LXSN  retro¬ 
virus  in  maintenance  media  for  24  hours.  Selection  of  trans¬ 
duced  MATLyLu  cells  was  performed  with  800  /xg/mL  Ge- 
neticin  (G418)  for  5  days  followed  by  maintenance  in  400 
/Xg/mL  G418.  Individual  clones,  as  well  as  mixed  popula¬ 
tions  of  transduced  MATLyLu  cells  were  expanded  and  used 
for  in  vitro  and  in  vivo  studies.  NIS  expression  in  transduced 
cells  was  confirmed  in  vitro  by  iodide  uptake  assays  as  pre¬ 
viously  reported  (9).  Two-  to  3-month-old  male  Copenhagen 
rats  (Harlan-Sprague  Dawley,  Indianapolis,  IN)  were  sub¬ 
cutaneously  injected  using  a  26-gauge  needle  in  the  right 
flank  with  1  X  10^  cells  suspended  in  0.5  mL  of  Hanks  bal¬ 
anced  salt  solution  (HBSS).  Rats  were  allowed  ad  libitum  ac¬ 
cess  to  water  and  standard  rodent  chow.  All  experimental 
procedures  in  this  study  received  approval  from  the  Institu¬ 
tional  Laboratory  Animal  Care  and  Use  Committee  of  The 
Ohio  State  University.  Tumor  size  at  the  site  of  injection  was 
measured  with  microcalipers  weekly  and  at  necropsy,  and 
tumor  volumes  were  calculated  in  cubic  centimeters  using 
the  equation:  volume  =  length  X  width  X  height  X  0.5236 
(17). 

Tumorigenicity  in  nude  mice 

One  million  cells  were  resuspended  in  200  /xL  of  phos¬ 
phate-buffered  saline  and  subcutaneously  injected  using  a 
26-gauge  needle  in  the  left  (parental  MATLyLu  cells,  n  =  6; 
MATLyLu-LXSN-mixed,  n  -  6)  and  right  (MATLyLu- 
FLhNIS-mixed,  n  =  12)  flanks  of  BALB/c  athymic  nude  mice 
(male,  6-8  weeks  old;  Harlan  Sprague  Dawley).  Mice  were 
maintained  under  pathogen-free  conditions  and  allowed  ad 
libitum  access  to  water  and  standard  rodent  chow.  Tumor 
size  at  the  site  of  injection  was  measured  with  microcalipers 


three  times  per  week  and  at  necropsy,  and  tumor  volumes 
were  calculated  in  cubic  millimeters  as  described  above. 

Histopathology 

Complete  postmortem  and  histopathologic  evaluations 
were  performed  on  all  rodents.  Portions  of  the  subcutaneous 
tumors,  l5maph  node  metastases,  and  lungs  were  fixed  in  10% 
neutral-buffered  formalin,  routinely  processed  and  embed¬ 
ded  in  paraffin.  Sections  (5  /xm)  were  stained  with  hema¬ 
toxylin  and  eosin  (H&E). 

Immunohistochemistry 

Immunohistochemical  staining  was  performed  on  5-/xm 
paraffin  sections  cut  onto  poly-L-lysine  slides.  NIS  immuno¬ 
histochemistry  was  performed  as  previously  described  with 
a  few  modifications  (18).  Briefly,  slides  were  incubated  for 
30  minutes  in  10  mM  citric  acid  buffer  (pH  6.0)  at  94°C  for 
antigen  retrieval.  Endogenous  peroxidase  was  inhibited  by 
3%  hydrogen  peroxide  in  methanol.  Tissue  sections  were  in¬ 
cubated  with  an  anti-hNIS  proprietary  polyclonal  rabbit  an¬ 
tibody  (#331;  1:250  dilution)  at  room  temperature  for  1  hour, 
followed  by  avidin  and  biotin  block  (DAKO  Corporation, 
Carpinteria,  CA)  for  10  minutes  each,  and  then  incubation 
with  biotinylated  goat  anti-rabbit  immtmoglobulin  G  (IgG) 
(Bio-Rad  Laboratories,  Hercules,  CA)  for  20  minutes.  Prolif¬ 
eration  was  assessed  by  Ki-67  immunostaining.  Antigen  re¬ 
trieval  was  performed  in  IX  Reveal  solution  (Biocare  Med¬ 
ical,  Walnut  Creek,  CA)  and  endogenous  peroxidase  was 
inhibited  by  3%  hydrogen  peroxide  in  distilled  water.  Tis¬ 
sue  sections  were  incubated  with  an  anti-rat  Ki-67  mouse 
monoclonal  antibody  (clone  MIB-5;  1:25  dilution,  DAKO)  at 
room  temperature  for  1  hour,  followed  by  incubation  with 
rat-absorbed  goat  anti-mouse  IgG  (Biocare  Medical)  for  30 
minutes.  Apoptosis  was  evaluated  by  caspase-3  immuno¬ 
staining.  Antigen  retrieval  was  performed  in  1 X  Reveal  so¬ 
lution  and  endogenous  peroxidase  was  inhibited  by  3%  hy¬ 
drogen  peroxide  in  distilled  water.  Tissue  sections  were 
incubated  at  room  temperature  for  1  hour  with  a  polyclonal 
antibody  (1:100  dilution;  Cell  Signaling,  Beverly,  MA)  that 
specifically  recognizes  the  large  fragment  of  activated  cas¬ 
pase-3.  Specific  binding  for  all  stains  was  amplified  using 
streptavidin  horseradish-peroxidase.  Chromogen  reaction 
was  developed  with  3-3'  diaminobenzidine  (DAB)  solution 
(DAKO),  and  nuclei  were  counterstained  with  hematoxylin. 

Computer-assisted  image  analysis 

For  each  Ki-67-  and  caspase-3-stained  slide,  2500  nuclei 
were  randomly  selected  for  analysis.  For  the  purposes  of  this 
study,  the  labeling  index  (LI)  for  Ki-67  and  caspase-3  was 
defined  as:  (number  of  Ki-67-  or  caspase-3-positive  cells /to¬ 
tal  number  of  cells)  X  100.  Ki-67  and  caspase-3  Lis  were  cal¬ 
culated  as  previously  described  (19).  Briefly,  histologic  fields 
were  captured  with  a  charge-coupled  device  (CCD)  Sony 
DKC  ST5  camera  (Sony,  New  York,  NY)  and  digitized  im¬ 
ages  were  electronically  recorded  on  a  computer  with  a 
framegrabber  board,  providing  permanent  records  of  the  ex¬ 
act  specimens  evaluated.  Images  were  processed  as  neces¬ 
sary  and  then  segmented  using  segmentation  techniques 
such  as  density  and  size  thresholding  with  or  without  dila¬ 
tion  and  erosion  to  distinguish  negative  from  positive  ob- 
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jects.  The  segmentation  process  results  in  the  generation  of 
binary  images.  The  Optimas  6.5  image  analysis  software  (Op- 
timas,  Bothell,  WA)  generated  the  measurements  of  interest 
and  the  numerical  data  were  statistically  analyzed  as  de¬ 
scribed  below. 

In  vitro  growth  curve 

Twelve-well  plates  were  seeded  with  1  X  10^  parental  or 
transduced  MATLyLu  cells  per  well.  Each  cell  line  was 
plated  in  triplicate.  Cells  were  detached  with  0.25% 
tr)rpsin/ethylenediamine  tetraacetic  acid  (EDTA)  and 
counted  wi^  a  hemocytometer  on  days  1,  2,  4,  6,  and  8. 

In  vitro  electron  microscopy 

Subconfluent  parental  or  transduced  MATLyLu  cells  were 
detached  from  T-75  flasks  with  0.25%  trypsin/EDTA,  pelleted 
by  centrifugation  at  1000  rpm  for  5  minutes  at  room  tempera¬ 
ture,  and  resuspended  in  0.01%  agarose  dissolved  in  HESS. 
Pellets  were  fixed  in  3%  glutaraldehyde,  1 M  cacodylate  buffer, 
and  osmium  tetroxide,  and  then  embedded  in  medcast  plastic 
(Ted  Pella  Redding,  Redding,  CA).  Ultrathin  sections  were  ex¬ 
amined  with  a  Philips  300  transmission  electron  microscope 
(FEI,  Hillsboro,  OR). 

Statistical  analysis 

Numerical  data  were  expressed  as  means  ±  the  standard 
error  of  the  mean  (SEM).  Statistical  differences  between 
means  for  different  data  sets  were  evaluated  with  GraphPad 
Instat  version  3.0  (GraphPad  software,  San  Diego,  CA)  us¬ 
ing  one-way  analysis  of  variance  (ANOVA)  and  Tukey- 
Kramer  multiple  comparisons  test.  Statistical  significance 
was  indicated  by  p  <  0.05. 

Results 

Decreased  growth  and  slower  metastatic  progression  of 
MATLyLu-hNIS  tumors  in  Copenhagen  rats 

Six  different  in  vivo  experiments  were  conducted  with 
MATLyLu  cells  from  three  different  sources  (Dr.  Laurie  K. 


McCauley,  European  Collection  of  Cell  Culture  [ECACC], 
and  Dr.  Albert  A.  Geldof).  Copenhagen  rats  were  subcuta¬ 
neously  injected  with  either  parental  MATLyLu  cells, 
MATLyLu  cells  transduced  with  vector  only  (LXSN)  retro¬ 
virus,  or  MATLyLu  cells  transduced  with  retrovirus  ex¬ 
pressing  the  trimcated  form  (hNIS#9)  or  the  full-length  form 
(FLhNIS)  of  hNIS.  Rats  were  injected  with  a  mixed  popula¬ 
tion  of  MATLyLu-hNIS  cells  in  four  experiments  whereas  a 
clonal  population  was  injected  in  two  experiments.  In  all 
these  experiments,  NIS-transduced  tumors  were  signifi¬ 
cantly  smaller  than  control  tumors  regardless  of  the  source 
of  the  MATLyLu  cells,  the  hNIS  construct  used  to  make  retro¬ 
virus,  or  whether  the  tumors  were  derived  from  mixed  or 
clonal  populations  of  transduced  cells.  The  results  are  sum¬ 
marized  in  Table  1.  Initially,  rats  were  injected  with  either 
parental  cells  or  a  clonal  population  of  MATLyLu-hNIS#9 
cells.  Although  the  sample  size  was  small,  the  three  MAT- 
LyLu-hNIS#9  tumors  were  21-fold  smaller  than  the  parental 
MATLyLu  tumor  (McCauley,  Table  1).  Because  of  the  in¬ 
ability  to  consistently  produce  lymph  node  and  lung  metas- 
tases  after  subcutaneous  injection  of  these  parental  MAT¬ 
LyLu  cells,  new  MATLyLu  cells  were  obtained  from  ECACC. 
In  two  subsequent  in  vivo  experiments,  rats  were  injected 
with  parental  MATLyLu  cells  or  a  mixed  population  of 
MATLyLu-FLhNIS  cells.  MATLyLu-FLhNIS  tumors  were  5- 
to  10-fold  smaller  than  parental  tumors  in  these  experiments 
(ECACC;  Table  1).  However,  the  ECACC  cells  also  failed  to 
metastasize  consistently  after  subcutaneous  injection.  In  con¬ 
trast,  lymph  node  and  lung  metastases  consistently  devel¬ 
oped  when  MATLyLu  cells  obtained  from  Dr.  Geldof  were 
subcutaneously  injected  in  Copenhagen  rats,  and  these  cells 
were  used  in  all  subsequent  experiments.  These  MATLyLu 
cells  were  transduced  with  retrovirus  expressing  LXSN  or 
FLhNIS,  and  rats  were  injected  with  either  mixed  or  clonal 
populations  of  transduced  cells.  MATLyLu-FLhNIS  tumors 
were  significantly  smaller  than  control  MATLyLu-LXSN  tu¬ 
mors  (Geldof;  Table  1).  The  differences  in  tumor  size  were 
much  more  evident  when  a  clonal  population  (18-fold 
smaller)  of  MATLyLu-FLhNIS  cells  was  injected  in  the  rats 
(Fig.  1)  compared  to  a  mixed  population  (2-  to  5-fold  smaller). 


Table  1.  hNIS-TRANSDUCEO  and  Control  Subcutaneous  MATLyLu  Tumor  Volumes  in  Copenhagen  Rats 


Experiment 

Tumor 

type 

Cell 

source 

Clonality 

Tumor 
volume 
(cm^)  mean 
±  SEM- 

Days 

post¬ 

injection 

Sample 

size 

P 

value 

1 

Parental 

McCauley 

N/A 

15.46  ±  0.0 

21 

1 

N/A 

1 

hNIS#9 

McCauley 

Clonal 

0.74  ±  0.18 

21 

3 

N/A^ 

2 

Parental 

ECACC 

N/A 

1.05  ±  0.21 

11 

4 

N/A 

2 

FLhNIS 

ECACC 

Mixed 

0.23  ±  0.09 

11 

4 

<0.05 

3 

Parental 

ECACC 

N/A 

2.20  ±  0.44 

10 

2 

N/A 

3 

FLhNIS 

ECACC 

Mixed 

0.22  ±  0.03 

10 

4 

<0.001 

4 

LXSN 

Geldof 

Mixed 

16.25  ±  1.03 

21 

7 

N/A 

4 

FLhNIS 

Geldof 

Mixed 

7.60  ±  1.32 

21 

8 

<0.001 

5 

LXSN 

Geldof 

Mixed 

10.60  ±  1.28 

18 

4 

N/A 

5 

FLhNIS 

Geldof 

Mixed 

2.25  ±  0.73 

18 

6 

<0.01 

6 

LXSN 

Geldof 

Clonal 

12.77  ±  1,21 

22 

10 

N/A 

6 

FLhNIS 

Geldof 

Clonal 

0.71  ±  0.15 

22 

16 

<0.001 

®SEM,  standard  error  of  the  mean. 

^’Sample  size  too  small  for  statistical  analysis. 
hNIS,  human  sodium  iodide  symporter. 
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FIG.  1.  Appearance  of  subcutaneous  tumors  (indicated  by  arrows)  in  Copenhagen  rats  22  days  after  injection  of  a  clonal 
population  of  MATLyLu-FLhNIS  cells  (A)  and  MATLyLu-LXSN  cells  (B).  The  MATLyLu-FLhNIS  tumor  is  significantly 
smaller  than  the  MATLyLu-LXSN  tumor. 


Transduced  MATLyLu  cells  from  Dr.  Geldof  metastasized 
just  as  consistently  as  the  parental  cells  with  regard  to  fre¬ 
quency  and  site;  however,  the  metastatic  rate  was  delayed 
for  LXSN-transduced  tumors  and  even  slower  for  NlS-trans- 
duced  tumors.  Following  injection  of  parental  cells,  a  promi¬ 
nent  subcutaneous  tumor  was  palpable  by  7  days  post-in¬ 
jection  (dpi);  however,  LXSN-  and  NIS-transduced  tumors 
were  barely  palpable  at  this  time.  Normally,  ipsilateral  axil¬ 
lary  lymph  nodes  are  not  palpable  in  rats.  Lymph  nodes  con¬ 
taining  metastatic  parental  MATLyLu  cells  (confirmed  by 
histology)  were  palpable  17  dpi  while  LXSN  or  FLhNIS 


FIG.  2.  Growth  of  parental  (solid  line)  and  transduced 
MATLyLu  cells  in  vitro.  A  mixed  population  (M)  and  two 
different  individual  clones  (1,2)  were  evaluated  for 
MATLyLu  cells  transduced  with  empty  vector  (LXSN,  dot¬ 
ted  lines)  retrovirus  or  retrovirus  expressing  FLhNIS  (NIS, 
dashed  lines).  Six  days  post-seeding,  a  significant  difference 
(p  <  0.001)  in  cell  number  was  only  apparent  between  the 
FLhNIS  clones  and  the  parental  cells  or  the  LXSN  clones. 
There  was  no  difference  in  vitro  between  the  mixed  trans¬ 
duced  cells  and  the  parental  cells  as  seen  in  vivo. 


lymph  node  metastases  were  not  palpable  until  21  dpi.  Fur¬ 
thermore,  rats  bearing  parental  MATLyLu  tumors  e>dubited 
dyspnea  indicative  of  diffuse  pulmonary  metastases  (con¬ 
firmed  at  necropsy)  necessitating  euthanasia  at  24  dpi.  In  rats 
bearing  MATLyLu-LXSN  or  MATLyLu-FLhNIS  tumors,  pul¬ 
monary  metastases  and  extensive  subcutaneous  tumor  bur¬ 
den  necessitated  euthanasia  beyond  24  dpi.  Rats  with  mixed 
LXSN  tumors  were  sacrificed  by  32  dpi  and  those  with  mixed 
FLhNIS  tumors  by  38  dpi,  while  those  with  clonal  LXSN  and 
FLhNIS  tumors  were  sacrificed  by  37  and  46  dpi,  respectively. 

Delayed  growth  In  vitro  of  clonal  FLhNIS  cells 

Growth  curves  were  generated  by  coimting  parental 
MATLyLu  cells,  as  well  as  a  mixed  population  and  two  dif- 


Table  2.  FLhNIS-TRANSDUCED  AND  Control  MATLyLu 
Subcutaneous  Tumor  Volumes  in  Athymic  Nude  Mice 


Parental  MATLyLu^ 

MATLyLu-FLhNIS-Mixed 

498.47  mm3 

54.98  mm3 

130.90  mm3 

50.27  mm3 

69.12  mm^ 

69.12  mm3 

141.37  mm3 

219.90  mm3 

197.92  mm3 

502.66  mm^ 

230.91  mm3 

4.19  mm3 

Mean  ±  SEM^: 

Mean  ±  SEM: 

211.45  ±  61.81  mm3 

50.19  ±  76.60  mm3 

Mixed  MATLyLu-LXSN^ 

Mixed  MATLyLu-FLhNIS 

104.72  mm3 

150.90  mm3 

26.18  mm3 

628.32  mm3 

570.20  mm3 

47.12  mm3 

628.32  mm3 

37.70  mm3 

263.89  mm3 

134.04  mm3 

131.95  mm3 

153.94  mm3 

Mean  ±  SEM: 

Mean  ±  SEM: 

287.54  ±  103.69  mm3 

191.99  ±  89.76  mm3 

^One  group  of  mice  {n  =  6)  subcutaneously  injected  in  the  left 
flank  with  parental  MATLyLu  cells  and  in  the  right  flank  with  a 
mixed  population  of  MATLyLu-FLhNIS  cells. 

^SEM,  standard  error  of  the  mean. 

^Second  group  of  mice  (n  =  6)  subcutaneously  injected  in  the  left 
flank  with  a  mixed  population  of  MATLyLu-LXSN  cells  and  in  the 
right  flank  with  a  mixed  population  of  MATLyLu-FLhNIS  cells. 
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FIG.  3.  Immunohistochemical  stain  for  human  sodium  iodide  symporter  (hNIS)  in  a  subcutaneous  MATLyLu-FLhNIS  tu¬ 
mor  from  an  athymic  nude  mouse.  The  distribution  of  NIS-positive  cells  is  characterized  by  a  well-demarcated  central  re¬ 
gion  of  heterogeneously  immunoreactive  cells  (A)  circumferentially  surrounded  by  an  expansile  band  of  NIS-negative  (im- 
stained)  cells  (20X).  The  border  (B)  between  NIS-positive  and  NIS-negative  cells  is  distinct.  Within  the  NIS-positive  areas, 
large  numbers  of  IS^TLyLu-FLhNIS  cells  with  intensely  positive  membrane  staining  are  interspersed  with  imstained  cells, 
a  staining  pattern  consistent  for  tumors  that  are  derived  from  a  mixed  population  of  retrovirally-transduced  cells  (avidin- 
biotin  complex  immunoperoxidase  method,  hematoxylin  counterstain,  200 X). 


ferent  clones  of  MATLyLu-LXSN  and  MATLyLu-FLhNIS 
cells  over  8  days  to  investigate  the  growth  rate  of  parental 
and  transduced  MATLyLu  cells  in  vitro  (Fig.  2).  Cells  had 
reached  confluency  and  were  detaching  from  the  weUs  by  8 
days  post-seeding.  By  6  days  post-seeding,  a  significant  dif¬ 
ference  {p  <  0.001)  in  cell  number  was  only  apparent  be¬ 
tween  the  FLhNIS  clones  and  the  parental  cells  or  the  LXSN 
clones;  however,  there  was  no  difference  in  the  growth  rate 
in  vitro  between  the  mixed  transduced  cells  and  the  parental 
cells  in  contrast  to  what  was  seen  in  vivo. 

Variability  in  the  sizes  of  MATLyLu-FLhNIS  tumors  in 
athymic  nude  mice 

Xenografts  derived  from  parental  MATLyLu,  MATLyLu- 
LXSN,  and  MATLyLu-FLhNIS  cells  were  established  in 
athymic  nude  mice  to  investigate  whether  a  T-cell-mediated 
immunologic  effect  contributed  to  the  difference  in  growth 


rates  in  vivo  between  NIS-transduced  and  control  tumors.  AH 
nude  mice  injected  with  parental  and  transduced  MATLyLu 
cells  developed  prominent,  palpable  tumors  by  7  dpi,  but  the 
sizes  of  NIS-transduced  tumors  were  not  consistently  smaller 
or  larger  than  those  of  parental  or  vector  control  tumors  (Table 
2).  Control  tumors  were  larger  than  FLhNIS  tumors  in  6  mice, 
while  FLhNIS  tumors  were  larger  than  control  tumors  in  5 
mice.  In  1  mouse,  control  and  FLhNIS  tumor  sizes  were  equiv¬ 
alent.  Although  no  statistically  significant  differences  between 
mixed  FLhNIS  and  control  (parental,  p  =  0.5476;  mixed  LXSN, 
p  =  0.6967)  tumors  were  found,  tumor  volumes  were  smaller 
for  FLhNIS  tumors  than  control  tumors  (Table  2). 

Outgrowth  of  NIS-negative  cells  in  tumors  derived  from  a 
mixed  MATLyLu-FLhNIS  cell  population 

The  distribution  of  cells  expressing  hNIS  in  tumors  de¬ 
rived  from  a  mixed  population  of  MATLyLu-FLhNIS  cells 


FIG.  4.  Morphologic  appearance  of  MATLyLu-FLhNIS  cells  by  phase-contrast  microscopy  (A),  transmission  electron  mi¬ 
croscopy  (B),  and  light  microscopy  (C).  The  morphology  of  parental  and  MATLyLu-LXSN  cells  was  similar.  Ultrastruc- 
turaUy  (B),  an  irregularly  roimd  nucleus  with  a  heterochromatic  nucleolus,  as  well  as  mitochondria  (arrow)  and  rare  lyso- 
somes  (*)  in  the  cytoplasm  are  apparent  (uranyl  acetate  and  lead  citrate,  4859 X).  Histologically  (C),  tumor  cells  are  anaplastic 
with  numerous  at5q3ical  mitotic  figures  (hematoxylin  and  eosin,  400 x). 
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in  Copenhagen  rats  and  nude  mice  was  evaluated  by  im- 
munohistochemistry.  Interestingly,  it  was  noted  that  the  dis¬ 
tribution  of  NIS-positive  cells  in  the  majority  of  tumors  was 
characterized  by  a  well-demarcated  region  of  heteroge¬ 
neously  immunoreactive  cells  circumferentially  surrounded 
by  an  expansile  band  of  NIS-negative  (unstained)  cells  (Fig. 
3A).  This  suggests  that  cells  lacking  NIS  expression  exhibit 
a  growth  advantage.  As  previously  reported  for  tumors  that 
are  derived  from  a  mixed  population  of  retrovirally  trans¬ 
duced  cells,  large  numbers  of  MATLyLu-FLhNIS  cells  with 
intensely  positive  membrane  staining  were  interspersed  with 
imstained  cells  in  the  NIS-positive  areas  (Fig.  3B)  (3,9). 

Decreased  proliferation  in  hNIS-positive  areas  of  rat 
tumors  derived  from  a  mixed  MATLyLu-FLhNIS  cell 
population 

Proliferation  and  apoptosis  were  evaluated  by  immimo- 
staining  tumors  derived  from  mixed  populations  of  MAT¬ 
LyLu-FLhNIS  cells  in  Copenhagen  rats  (experiment  3)  and 
nude  mice  for  Ki-67  and  caspase-3,  respectively.  The  LI  for 
each  was  compared  between  hNIS-positive  and  hNIS-nega- 
tive  areas  of  the  tumors.  The  Ki-67  LI  was  significantly  lower 
in  hNIS  positive  areas  than  hNIS  negative  areas  of  mixed  rat 
tumors  (positive,  31.25%  ±  6.07%;  negative,  43.75%  ±  6.62%; 
p  <  0.05;  n  =  5).  There  were  no  significant  differences  in  the 
caspase-3  LI  between  the  two  areas  in  rat  tumors  (positive, 
7.37%  ±  3.45%;  negative,  13.37%  ±  5.77%;  p  =  0.3638;  n  =  5), 
or  in  the  Lis  for  Ki-67  (positive,  84.35%  ±  5.47%;  negative, 
85.61%  ±  5.78%);  p  =  0.7693;  «  =  6)  or  caspase-8  (positive, 
1.59%  ±  0.86%;  negative,  1.01%  ±  0.27%;  p  =  0.5165;  n  =  6) 
in  nude  mouse  tumors. 

No  effect  on  differentiation  of  MATLyLu  cells  by  NIS 

In  order  to  investigate  whether  exogenous  hNIS  expres¬ 
sion  induces  differentiation  of  the  anaplastic  MATLyLu  cells, 
microscopic  morphology  of  the  tumor  cells  in  vitro  and  in 
vivo,  as  well  as  ultrastructural  morphology  in  vitro  was  eval¬ 
uated.  There  were  no  differences  in  morphology  by  phase 
contrast  microscopy,  transmission  electron  microscopy,  or 
light  microscopy  between  parental,  LXSN-transduced  and 
hNIS-transduced  MATLyLu  cells.  Representative  cells  are  il¬ 
lustrated  in  Figure  4. 

Discussion 

The  results  of  this  study  clearly  demonstrate  that  growth 
of  MATLyLu  cells  expressing  exogenous  hNIS  is  decreased 
in  vitro  and  in  vivo.  Subcutaneous  tumors  were  smaller  and 
metastatic  progression  was  slower  in  Copenhagen  rats  in¬ 
jected  with  MATLyLu-hNIS  cells.  This  effect  on  in  vivo 
growth  was  consistently  observed  in  six  different  experi¬ 
ments  and  occurred  independent  of  the  source  of  MATLyLu 
cells,  the  hNIS  construct  used  to  generate  retrovirus,  and 
whether  the  tumors  were  derived  from  mixed  or  clonal  pop¬ 
ulations  of  transduced  cells.  MATLyLu-FLhNIS  tumors  in 
nude  mice  had  a  lower,  albeit  not  statistically  significant, 
growth  rate  than  control  tumors.  Growth  of  the  clonal  pop¬ 
ulations  of  NIS-transduced  cells  was  significantly  decreased 
compared  to  parental  or  clonal  LXSN-transduced  cells  in 
vitro.  Furthermore,  the  pattern  of  hNIS  immunohistochemi- 


cal  staining  in  Copenhagen  rat  and  nude  mouse  tumors  de¬ 
rived  from  mixed  populations  of  MATLyLu-FLhNIS  cells 
demonstrated  that  NIS-positive  cells  were  confined  to  a  cen¬ 
tral  defined  region  surrounded  by  a  band  of  NIS-negative 
cells. 

Although  previous  studies  investigating  the  utility  of  NIS 
gene  transfer  to  facilitate  radioiodide  therapy  for  various 
cancers  have  not  reported  overt  differences  in  growth  be¬ 
tween  NIS-positive  and  NIS-negative  tumors,  Haberkorn  et 
al.  (5)  and  Shimura  et  al.  (7)  reported  reduced  weights  of 
hNIS-  and  rNIS-expressing  tumors  compared  to  parental  tu¬ 
mors  in  syngeneic  rats,  suggesting  a  similar  effect.  In  addi¬ 
tion,  axillary  lymph  node  metastases  were  previously  only 
detected  by  nuclear  scintigraphy  in  3  of  12  rats  injected  with 
a  mixed  population  of  MATLyLu-FLhNIS  cells,  and  NIS  ex¬ 
pression  was  absent  by  immimohistochemistry  in  the  re¬ 
maining  lymph  nodes  (9).  Taken  together,  these  data  sug¬ 
gest  that  MATLyLu  cells  lacking  hNIS  expression  within  a 
mixed  population  exhibit  a  growth  advantage  over  NlS-ex- 
pressing  cells. 

Possible  mechanisms  contributing  to  this  in  vivo  growth 
difference  include  a  direct  effect  by  NIS  on  cell  growth  by 
decreasing  proliferation,  increasing  apoptosis,  and/or 
inducing  cell  cycle  arrest.  A  decrease  in  proliferation 
was  supported  by  the  immunohistochemical  results  for 
Ki-67  in  mixed  MATLyLu-FLhNIS  rat  tumors,  in  which 
the  Ki-67  LI  was  decreased  in  NIS-positive  areas  compared 
to  the  surrounding  NIS-negative  areas.  Increased  apopto¬ 
sis  was  not  evident  by  caspase-3  immunostaining,  and  py- 
knotic  nuclei/apoptotic  bodies  were  not  apparent  on  his¬ 
tologic  evaluation  of  MATLyLu-hNIS  tumors.  In  addition 
to  inducing  apoptosis  through  a  p53-independent  mecha¬ 
nism  (20,21),  excess  iodide  has  been  shown  to  inhibit 
growth  of  FRTL-5  rat  thyroid  cells  through  cell  cycle  ar¬ 
rest  (22-24). 

NIS  is  a  marker  of  differentiation  in  the  thyroid  gland 
(1,25,26).  This  is  evidenced  by  the  fact  that  avidity  for  ra¬ 
dioiodide  is  positively  correlated  with  NIS  expression  and 
differentiation  in  thyroid  cancer  (27-29).  The  presence  of  NIS 
in  transduced  MATLyLu  tumors  may  be  causing  the 
anaplastic  MATLyLu  cells  to  become  more  differentiated. 
However,  the  histologic  and  ultrastructural  morphology  of 
MATLyLu-FLhNIS  cells  in  vitro  and  in  vivo  was  indistin¬ 
guishable  from  that  of  MATLyLu-LXSN  or  parental  cells.  Tu¬ 
mors  were  equally  anaplastic  with  numerous  mitotic  figures 
and  comparable  regions  of  necrosis.  Subcutaneous  MAT¬ 
LyLu-FLhNIS  tumors  also  metastasized  with  the  same  fre¬ 
quency  and  to  identical  sites  (ipsilateral  regional  lymph 
nodes,  axillary  lymph  node,  and  lungs)  as  control  tumors, 
just  at  later  times.  It  is  also  unlikely  that  the  constitutive 
transport  of  two  Na"^  ions  with  one  I"  ion  has  any  adverse 
effect  on  cellular  homeostasis  because  the  sodium  gradient 
is  maintained  by  a  Na'^/K'^  pump  (1). 

The  fact  that  MATLyLu-hNIS  tumors  were  consistently 
smaller  than  control  tumors  in  immunocompetent  syn¬ 
geneic  rats  but  were  not  always  smaller  than  control  tu¬ 
mors  in  immunodeficient  mice  suggests  that  an  immuno¬ 
logic  effect  may  also  be  contributing  to  the  decreased 
growth  of  MATLyLu-hNIS  tumors  in  vivo.  Possible  sources 
of  immunogenicity  in  this  study  include  the  xenogeneic  cell 
lines,  the  retroviral  vector,  in  particular  the  neomycin  re¬ 
sistance  gene,  and  hNIS.  NIS  is  an  endogenous  gene  pres- 
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ent  in  numerous  tissues  in  addition  to  the  thyroid  gland 
such  as  salivary  glands,  gastric  mucosa,  lactating  mammary 
gland,  kidney,  and  placenta  (30-36).  Although  human  MS 
shares  84%  identity  with  rat  and  mouse  MS  (37,38),  it  has 
been  identified  as  an  autoantigen  in  patients  with  autoim- 
mime  thyroid  disease  (39,40).  Despite  this,  growth  of  MAT- 
LyLu-hNIS  tumors  in  Copenhagen  rats  and  nude  mice  was 
not  associated  with  an  inflammatory  cell  response  at  either 
the  primary  or  metastatic  sites.  However,  this  does  not  ex¬ 
clude  the  role  of  a  humoral  response.  These  animals  have 
extensive  tumor  burdens,  and  numerous  cytokines  are 
likely  to  be  elevated. 

A  final  mechanism  that  must  be  considered  is  the  effect  of 
retroviral  integration  on  the  growth  rate  differences.  Retro¬ 
viral  vectors  are  attractive  methods  of  gene  delivery  because 
they  stably  integrate  into  the  chromosome  providing  for 
long-term  expression  (12,41).  The  process  of  integration, 
which  is  random,  involves  a  prefatory  cleavage  reaction  and 
a  subsequent  strand-transfer  reaction  (42).  Depending  on  the 
site  of  integration  of  retrovirus  expressing  hMS,  various  cis- 
acting  elements  may  be  modulating  the  expression  of  hMS. 
Such  an  explanation  would  be  likely  if  the  growth  rate  dif¬ 
ferences  in  vivo  were  only  apparent  with  a  clonal  population 
of  hNIS-transduced  cells,  as  was  observed  in  vitro.  However, 
the  differences  in  growth  were  also  consistently  seen  in  four 
different  in  vivo  experiments  using  a  mixed  population  of 
hMS-transduced  cells. 

This  study  indicates  that  exogenous  MS  expression  causes 
decreased  growth  of  subcutaneous  MATLyLu  tumors  and 
slower  metastatic  progression,  although  the  exact  mecha¬ 
nism  for  this  effect  remains  to  be  elucidated.  Investigators 
need  to  be  aware  of  these  growth  rate  differences  between 
tumors  with  and  without  hNIS  expression  in  the  absence  of 
radioiodide  treatment.  Such  growth  rate  differences  make  in¬ 
terpretation  of  tumor  regression,  metastatic  progression,  and 
animal  survival  after  radioiodide  therapy  difficult,  and  em¬ 
phasize  the  need  for  the  inclusion  of  appropriate  treatment 
and  vector  controls.  This  decreased  growth  could  provide  an 
additional  potential  benefit  of  MS-mediated  gene  therapy 
for  the  treatment  of  cancer. 
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The  sodium  iodide  symporter  (NIS)  mediates  iodide  uptake 
into  thyrocytes  and  is  the  molecular  basis  of  thyroid  radio- 
iodine  therapy.  We  previously  have  shown  that  NIS  gene 
transfer  into  the  F98  rat  gliomas  facilitated  tumor  imaging 
and  increased  survival  by  radioiodine.  In  this  study,  we  show 
that:  (1)  the  therapeutic  effectiveness  of  in  prolonging  the 
survival  time  of  rats  bearing  F98/hNIS  gliomas  is  dose-  and 
treatment-time-dependent;  (2)  the  number  of  remaining  NIS- 
expressing  tumor  cells  decreased  greatly  in  RG2/hNIS 
gliomas  post  treatment  and  was  inversely  related  to 


survival  time;  (3)  8mCi  each  of  is  as  effective  as 

16mCi  alone,  despite  a  smaller  tumor  absorbed  dose; 
(4)  ^^^Re04,  a  potent  P"  emitter,  is  more  efficient  than  to 
enhance  the  survival  of  rats  bearing  F98/hNIS  gliomas. 
These  studies  demonstrate  the  importance  of  radiopharma¬ 
ceutical  selection,  dose,  and  timing  of  treatment  to  optimize 
the  therapeutic  effectiveness  of  NIS-targeted  radionuclide 
therapy  following  gene  transfer  into  gliomas. 

Gene  Therapy  (2004)  11, 161-169.  doi:10.1038/si.gt.3302147 


Keywords:  sodium  iodide  symporter;  radionuclide  therapy;  brain  neoplasm 


Introduction 

The  sodium  iodide  symporter  (NIS)  is  a  membrane 
glycoprotein  that  mediates  iodide  uptake  in  the  thyroid 
gland  and  several  extrathyroid  tissues.  NIS-mediated 
radioiodide  uptake  into  thyroid  epithelial  cells  is  the 
molecular  basis  of  thyroidal  radioiodine  therapy  The 
differential  radioiodide  accumulation  in  thyrocytes  is 
further  enhanced  by  the  presence  of  iodide  organification 
in  thyroid  tissues.  Furthermore,  iodide  uptake/ organifi¬ 
cation  can  be  increased  selectively  in  thyroid  tissues  by 
elevated  ^serum  thyrotropin  levels.  Consequently,  most 
administered  radioiodine  is  targeted  to  thyroid  tissues, 
and  radioiodine  has  been  very  effective  in  treating 
thyroid  cancer,  hyperthyroidism,  and  goiter. 

Since  the  cloning  of  NIS,’'^' many  investigators  have 
explored  the  ability  of  NIS  gene  transfer  to  facilitate 
targeted  radioiodide  therapy  in  nonthyroidal  cancers. 
NIS  gene  transfer  has  been  demonstrated  to  increase 
radioactive  iodine  uptake  (RAIU)  up  to  several  hundred¬ 
fold  in  a  variety  of  cell  types In  addition  to  allowing 
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in  vivo  tumor  imaging,^^  NIS  gene  transfer  into  tumor 
cells  also  renders  them  susceptible  to  being  killed  in  vitro 
by  However,  lack  of  iodine  organification  in 

NIS-transduced  tumors  has  raised  concerns  about  the 
ultimate  effectiveness  of  NIS-mediated  radionuclide 
therapy  for  nonthyroidal  malignancies,  as  an  insufficient 
tumor  radiation  absorbed  dose®'^  may  result  from 
short  radionuclide  retention  time.  Nevertheless,  an  NIS- 
transduced  prostatic  tumor  xenograft  in  mice  was 
decreased  in  size  by  a  single  3  mCi  dose  of  ^®^I  injected 
intraper  i  toneally.  ’  ^ 

We  hypothesized  that  NIS-mediated  radionuclide 
therapy  would  be  useful  to  treat  tumors  such  as  gliomas, 
which  are  currently  limited  by  a  narrow  radiation 
therapeutic  window.  At  least  55  Gy  of  external  radiation 
is  required  to  achieve  tumor  control;  however,  patients 
often  developed  normal  brain  tissue  necrosis  when  more 
than  60  Gy  of  radiation  is  delivered  solely  by  external 
radiation.'®"'®  Although  numerous  strategies  have  been 
developed  to  increase  the  tumor-absorbed  dose  while 
minimizing  radiation  to  normal  brain  tissues,  thus  far 
most  of  these  attempts  have  proven  unsatisfactory 
Interstitial  brachytherapy  by  physical  placement  of 
radionuclides  in  or  near  the  tumor  cannot  differentiate 
microscopic  tumors,  from  surrounding  normal 
brain  tissues,'®  as  evidenced  by  a  high  incidence  of 
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symptomatic  brain  necrosis  developing  in  patients 
treated  with  interstitial  brachytherapy.’^'^^  Another  strat¬ 
egy,  radioimmunotherapy  (RIT),  has  several  limitations, 
including  unwanted  immunocomplex  formation  of  radio- 
labeled  antibody  to  nontumor  tissues’®'’^  and  the  diffi¬ 
culty  in  delivering  radiolabeled  antibody  across  the 
blood-brain  barrier  (BBB).  The  differential  distribution 
of  radiolabeled  antibody  between  tumors  and  normal 
tissues  is  often  not  satisfactory  for  targeted  radionuclide 
therapy.^®  As  shown  in  phase  II-III  clinical  trials, 
locoregional  administration  of  radiolabeled  antibody  into 
surgical  cavities  following  tumor  resection  has  modestly 
improved  survival. However,  many  challenges  exist 
to  extend  RIT  to  routine  practice.  For  example,  non- 
selective  radiation  to  normal  parenchyma,  poor  penetra¬ 
tion  of  radiolabeled  antibody  into  bulky  tumors,  and  the 
complexity  of  the  radiolabeling  procedure  remain  as 
hurdles  to  the  success  of  RIT  in  treating  gliomas. 

NIS-mediated  radionuclide  therapy  has  several 
features  that  make  it  an  attractive  approach  for  the 
treatment  of  patients  with  gliomas.  Since  glioma-targeted 
NIS  gene  transfer  facilitates  higher  radionuclide 
accumulation  in  gliomas  compared  to  the  surrounding 
normal  brain  tissues,  the  differential  radiation  exposure 
between  gliomas  and  normal  brain  tissues  can  be 
broadened.  Furthermore,  complex  radiolabeling  proce¬ 
dures  are  not  required  for  NIS-mediated  radionuclide 
therapy,  since  many  NIS  substrates  have  radioactive 
isotopes.  Finally,  the  small  sizes  of  NIS  radioactive 
substrates  should  result  in  both  increased  penetration 
of  the  BBB  and  better  diffusion  capacity  within  the  tumor 
compared  to  radiolabeled  monoclonal  antibodies.  In  our 
previous  study,  we  showed  that  ex  vivo  NIS  gene  transfer 
to  F98  rat  glioma  cells  conferred  a  moderate  survival 
benefit  in  '^^I-treated  rats  bearing  intracerebral  F98/hNIS 


gliomas.^  In  the  present  study,  we  show  that  the 
therapeutic  effectiveness  is  dose-dependent  and  influ¬ 
enced  by  intervention  time.  To  validate  NIS-targeted 
radionuclide  therapy  in  another  glioma  animal  model, 
we  have  demonstrated  therapeutic  effectiveness  of  in 
rats  carrying  intracerebral  RG2/hNIS  gliomas.  Finally, 
the  therapeutic  contributions  of  ^^^I  and  ^®®Re04  in  NIS- 
targeted  radionuclide  therapy  are  investigated. 

Results 

therapeutic  effectiveness  is  dose-dependent 
and  influenced  by  intervention  time 
To  investigate  whether  therapeutic  effectiveness  is 
dose-dependent,  several  therapeutic  trials  of  different 

doses  were  conducted.  As  shown  in  Table  1,  all 
treated  rats  appear  to  have  improved  survival  compared 
to  untreated  rats.  Statistical  analysis  using  a  two-sample 
f-test  with  unequal  variance  assumption  showed  that 
only  the  survival  of  rats  treated  with  16  mCi  was 
significantly  prolonged.  In  order  to  compare  therapeutic 
effectiveness  among  different  trials,  the  percentage  of 
increased  life  span  (%ILS)  of  treated  rats  with  various 
doses  of  was  calculated  (see  'statistics'  section  in 
Materials  and  methods).  There  was  a  linear  dose- 
dependent  increase  of  %ILS  for  administered  doses  of 

(R=0.91).  Similarly,  the  level  of  significance  for 
improved  survival,  as  indicated  by  P-value,  increased 
with  higher  doses  of 

To  investigate  the  effect  of  intervention  time  on 
therapeutic  effectiveness,  16mCi  of  was  adminis¬ 
tered  to  rats  bearing  F98/hNIS  glioma  either  14  or  22 
days  post  tumor  implantation  (DPI).  Compared  to  the 
untreated  rats,  which  had  a  mean  survival  time  (MST)  of 


Table  1  Dose  regimen  of  radionuclide  treatment  and  survival  of  F98/hNIS  glioma-bearing  rats 


Experiment 

Radionuclide 

Total  dose  (mCi) 

Rx.  time  (day) 

Survival  (DPI) 

Untreated  rats  Treated  rats 

%  ILS 

P-value 

Dose-dependency 

IMI 

4 

14 

35.3  +  3.3  (N=6) 

41.0+10.8  (N=6) 

16,1 

0.26 

131J 

5.6 

14 

34.7+4.5  (N=3) 

42.0  ±9.9  (N=4) 

21 

0.25 

131J 

5.6 

14 

29.3  ±3.5  (N=3) 

35.5  ±6.4  (N=4) 

21.2 

0.16 

131J 

8 

14 

29.3 ±3.5  (N=3) 

39.8  +  10.6  (N=4) 

35.8 

0.14 

I31J 

8 

14 

34,7+4.5  (N=3) 

48.7  ±6.8  (N=3) 

40.3 

0.049 

1311 

16 

14 

35.3  +  3.3  (N=6) 

54.9  +  9.9  (N=7) 

55.5 

0.0014 

1311 

16 

14 

38.0±1.0  (N=3) 

55.1±11.7(N=8) 

45 

0.0043 

Intervention  time 

1311 

16 

14 

38.0±1.0  (N=3) 

55.1  ±11.7  (N=8) 

45 

0.0043 

1311 

16 

22 

45.0  ±4.1  (N=8) 

16.6 

0.0034 

versus  ^^’1  versus  cocktail 

131J 

16" 

13,14 

34.4+1.9  (N=7) 

47.3+8.5  (N=6) 

32.4 

0.0127 

125J 

16" 

13,14 

39.2+4.0  (N=6) 

14.7 

0.0337 

131|^.125J 

8"  and  8" 

13,14 

46.7±5.4  (Ar=6) 

30.9 

0.0019 

^«»Re04  versus  ‘"‘"I 

Re04 

8 

14 

34.7±4.5  (N=3) 

61.8±10.5  (N=4) 

78.1 

0.0084 

131J 

8 

14 

48.7±6.8  (N=3) 

40.3 

0.0492 

Re04 

8 

14 

29.3±3.5  (N=3) 

44.3+7.1  (N=4) 

51.2 

0.0177 

131J 

8 

14 

39.8+10.6  (N=4) 

35.8 

0.0222 

The  total  dose  was  divided  into  two  fractions  with  12  h  apart,  unless  otherwise  indicated.  Rx.  time  (day)  indicates  the  day  post  tumor 
implantation  when  radionuclide  was  administered.  Survival  time  is  presented  as  mean  +  s.d.  days  post  tumor  implantation  (DPI).  Percentage 
of  Increased  life  span  (%ILS)  is  calculated  as  the  difference  between  the  MST  of  radionuclide-treated  and  untreated  groups,  divided  by  the 
MST  of  the  untreated  group.  P-values  were  calculated  using  a  two-sample  f-test  with  unequal  variance  assumption. 

"The  dose  was  administered  in  three  fractions. 
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38.0  ±  1.0  DPI,  the  survival  times  for  rats  treated  at  14  and 
22  DPI  were  55.1  ±11.7  and  44.3 ±4.3  DPI,  respectively 
(Table  1).  The  therapeutic  effectiveness  of  early  interven¬ 
tion  (45%  ILS)  was  greater  than  later  intervention  (16.6% 
ILS).  The  tumor  size  of  intracerebral  F98/hNIS  gliomas 
14  DPI  was  barely  detectable  by  either  imaging  or  post¬ 
mortem  examination,  compared  to  approximately  2  mm^ 
at  22  DPI  (data  not  shown). 

NIS-targeted  therapy  is  validated  in  another  animal 
model  carrying  intracerebral  RG2/hNiS  gliomas 
To  validate  NIS-targeted  radioiodine  therapy  in  an 
alternative  animal  model,  the  therapeutic  effectiveness 
of  ^^^I  was  investigated  in  rats  bearing  intracerebral 
RG2/hNIS  gliomas.  RG2/hNIS  cells  had  nine-fold  high¬ 
er  RAID  than  F98/hNIS  cells  in  vitro  (data  not  shown). 
Serial  ’^I  imaging  showed  higher  radioiodine  uptake  in 
RG2/hNIS  than  F98/hNIS  gliomas,  with  similar  tumor 
radioiodine  retention  time  (Figure  1).  Temporal  analysis 
of  ex  vivo  gamma  counting  of  RG2/hNIS  gliomas  showed 
that  radioiodine  accumulation  remained  high  up  to  12  h 
post  ’^I  injection,  with  an  average  uptake  value  of  6.4- 
8.7%  ID/g  (Table  2).  In  comparison,  at  the  same  time 


Figure  1  Serial  planar  imaging  showed  higher  radioiodine  uptake  in 
RG2lhNIS  than  F98/hNIS  gliomas.  Rats  implanted  with  NIS-transduced 
gliomas  intracerebrally  were  subjected  to  imaging  studies  when  the  tumor 
size  approximated  3-6  mm  in  diameter  (N—3  per  group.  Tumor  uptake 
was  calculated  by  measuring  the  count  rates  in  tumor  region  and 
calibrated  by  a  known  standard  dose.  Tumor  mass  was  determined  by 
weighing  the  tumor  after  completion  of  imaging.  The  data  are  presented  as 
a  percentage  of  injected  dose  per  gram  (ToID/g)  of  tumor.  There  was  a 
similar  retention  time  (a  biological  half-life  of  15-20  h)  in  tumors  for 
both  NJS-transduced  gliomas. 


point,  the  average  uptake  value  of  RG2  gliomas  carrying 
empty  vector  (RG2/LXSN)  was  0.06-0.67%  ID/g,  and 
that  of  normal  brain  tissues  was  0.03-0.16%  ID/g.  Thus, 
NIS  gene  transfer  into  RG2  gliomas  increased  ’^^I 
accumulation  more  than  70-fold,  compared  with  normal 
brain  tissue.  The  biological  half-life  of  radioiodine  in 
RG2/hNIS  tumors  was  approximately  19.6  h,  as  deter¬ 
mined  by  time  activity  curve  (TAG)  of  ^^^I  in  RG2/hNIS 
gliomas  (Figure  3B).  A  similar  biological  half-life  was 
estimated  by  serial  ^^I  scintigraphy  (Figure  1). 

The  MST  of  rats  bearing  RG2/hNIS  gliomas  treated 
with  16mCi  of  ^^’I  on  D14  (Table  3)  was  significantly 
different  from  the  other  groups  at  5%  level  of  significance 
(one-way  ANOVA  with  Dunnett's  test).  There  was  no 
significant  difference  in  the  survival  time  among 
untreated  rats  bearing  parental  RG2  gliomas,  untreated 
rats  bearing  RG2/LXSN  gliomas,  untreated  rats  bearing 
RG2/hNIS  gliomas,  and  ’^^I-treated  rats  bearing  RG2/ 
LXSN  gliomas.  All  rats  bearing  RG2-derived  gliomas  had 
approximately  the  same  tumor  sizes  with  similar 
histology  when  euthanized  for  moribund  signs.  Immu- 
nohistochemical  staining  against  NIS  revealed  that  ’^^I- 
treated  RG2/hNIS  gliomas  had  either  reduced  numbers 
or  an  absence  of  NIS-expressing  cells  compared  to 
untreated  RG2/hNIS  gliomas  (Figure  2a).  The  number 
of  NIS-expressing  cells  remaining  in  the  tumors  ap¬ 
peared  inversely  related  to  survival  time  of  ’^^I-treated 
rats  bearing  RG2/hNIS  gliomas  (Figure  2b).  The  degree 
of  reduction  in  NIS-expressing  cells  in  ’^U-treated  F98/ 
hNIS  gliomas  compared  to  untreated  tumors  was  less 
obvious  (Figure  2a). 

and  combined  treatment  had  similar 

therapeutic  effectiveness  in  prolonging  the  survival 
time  of  rats  bearing  F98/hNiS  gliomas 
Isotopes  of  radioiodine  emit  different  energy  particles.  To 
investigate  the  therapeutic  efficacy  of  an  Auger  emitter 
and  the  possible  synergistic  effect  of  combined  Auger 
electron  and  emissions,  rats  bearing  F98/hNIS 
gliomas  were  treated  with  or  with  ^^^I  and  ’^’I, 
compared  to  ’^’I  alone.  As  shown  in  Table  1,  all 
radioiodine-treated  rats  had  prolonged  survival  times 
compared  to  untreated  rats.  However,  only  the  MST  of 
^^’I-  and  combined  ^^I/^^^I-treated  rats  bearing  F98/ 
hNIS  gliomas  was  significantly  longer  than  that  of  the 
untreated  group  (5%  level  of  significance,  one-way 
ANOVA  with  Dunnett's  test).  Thus,  with  the  same 
radioactivity  administered  on  days  13  and  14  post  tumor 


Table  2  Temporal  profile  of  ex  vivo  accumulation  in  RG2  gliomas 

Tissues  uptake  (%IDIg)  at  different  time  post  injection 


SOs 

2h 

4^6  h 

12  h 

24  h 

RG2lhNIS 

Tumor 

7.0  ±1.8 

7.9 +  1.5 

8.7  ±1.7 

6.4+2.8 

2.5  ±1.6 

Adjacent  Brain 

0.14±0.1 

0.15+0.1 

0.12±0.1 

0.03  ±0.0 

0.00  +  0.0 

RG2ILXSN 

Tumor 

0.67  ±0.3 

0.24  ±0.2 

0.12±0.0 

0.06  ±0.0 

0.02  +  0.0 

Adjacent  Brain 

0.16±0.1 

0.11  ±0.0 

0.10±0.1 

0.07±0.0 

0.01  ±0.0 

The  accumulation  from  RG2  gliomas  and  adjacent  normal  brain  tissue  is  presented  as  a  percentage  of  injected  dose  per  gram  of  tissue 
(%ID/g)  and  as  mean±s.d.  from  three  rats  at  each  time  point. 
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Table  3  Survival  of  RG2  glioma-bearing  rats 


Group 

Gene  transduction 

treatment 

Survival  (DPI) 

Parental  RG2 

None 

None 

24.0+1.4  (N=7) 

RG2/LXSN 

Empty  vector 

None 

24.6  +  0.5  (N-5) 

RG2/LXSN 

Empty  vector 

16  mCi 

23.9  +  3.1  (N=7) 

RG2/hNIS 

hNIS 

None 

24.0  +  4.5  (N=7) 

RG2/hNlS 

hNIS 

16  mCi 

30.2  +  5.1  (N=:10) 

Survival  time  is  presented  as  mean  +  s.d.  days  post  tumor 
implantation  (DPI).  Total  dose  of  treatment  was  divided  into 
two  fractions  with  12  h  apart. 


a  Untreated  ^^^l-treated 


NIS-expressing  cells 

Figure  2  Anti-hNIS  IHC  staining  of  post-mortem  tumors,  (a)  Anti-hNIS 
IHC  staining  of  tumor  sections  shows  reduced  numbers  of  NIS-expressing 
tumor  cells  in  ^^U-treated  RG2/hNIS  gliomas  (right  upper  panel), 
compared  to  untreated  controls  (left  upper  panel).  In  comparison,  the 
reduction  is  not  pronounced  between  untreated  and  ^^H-treated  FSS/hNIS 
gliomas  (left  and  right  lower  panels).  Following  implantation  with 
1  X  1(P  hNIS-transduced  glioma  cells,  rats  were  either  untreated  or  given 
16mCi  of  ”7  on  day  14  post  tumor  implantation  (N'^6  per  group), 
(b)  Inverse  relationship  between  the  remaining  NIS-expressing  cells  in 
tumors  and  survival  times  of '‘^H-treated  rats  hearing  RGl/hNIS  gliomas  is 
demonstrated.  The  percentage  of  NIS-expressing  cells  in  a  whole  tumor  was 
estimated  by  the  scale  of  0-4  (0: 0%,  1: 25%,  2: 50%,  3: 75%,  and  4: 100%). 
The  survival  time  is  presented  as  days  post  tumor  implantation  (DPI). 


implantation,  16mCi  of  was  more  effective  than 
16  mCi  of  in  increasing  the  life  span  of  rats  bearing 
F98/hNIS  gliomas,  with  ILS  of  32.4  versus  14.7%  (Table 
1).  There  was  no  significant  difference  in  the  therapeutic 
effectiveness  between  the  cocktail  of  (gjj^Q 

each)  and  16-mCi 


0  10  20  30  40 


Time  post  injection  (Hours) 

Figure  3  uptake  in  hNIS-transduced  RG2  gliomas,  (a)  Serial 

^^^Re04  planar  imaging  showed  intense  uptake  in  the  brain  tumor  region 
(arrow)  up  to  12  h.  Imaging  was  performed  on  rats  implanted  with  1  xlO^ 
RG2lhNIS  cells  when  the  tumors  approximated  3-6  mm  in  diameter. 
Changes  in  the  imaging  position  of  the  rat  account  for  the  apparent 
variance  in  tumor  size  and  location.  N=4  per  time  point,  (b)  Time  activity 
curves  of  (solid  line)  versus  (dashed  line)  in  RG2lhNIS 

gliomas  showed  higher  uptake  and  longer  retention  time  of  ^^^I.  Rats 
implanted  with  1  x  10^  RG2lhNIS  cells  were  coinjected  with  ^^^Re04  and 
^^^I  when  the  tumors  approximated  3-6  mm  in  diameter.  After  excision, 
tumors  were  weighed  and  counted  for  activity  immediately.  The 

same  samples  were  counted  for  activity  1  week  later.  The  data  are 
presented  as  a  percentage  of  injected  dose  (%IDIg)  for  each  radionuclide 
after  calibration  with  known  standards.  N~3  per  time  point. 


The  therapeutic  effectiveness  of  may  be  affected  by 
the  number  of  fractions  used  to  deliver  the  total  radio¬ 
activity.  Rats  treated  with  16  mCi  of  administered  in 
three  fractions  had  32.4%  ILS,  while  rats  treated  in  two 
fractions  had  45-55%  ILS  (Table  1).  However,  their 
difference  in  MST  was  not  statistically  significant 
(P=0.15,  Student  f-test). 

^^^Re04  is  more  efficient  than  treatment  in 
prolonging  the  sun/ival  of  rats  bearing  F98/hNIS 
gliomas 

Among  radioactive  NIS  substrates,  P“  emissions  released 
from  ’®®Re04  are  more  potent  than  those  of  We 
investigated  the  therapeutic  efficacy  of  ^®®Re04  versus 
using  the  intracerebral  F98/hNIS  glioma  animal  model. 
Serial  scintigraphy  of  F98/hNIS  gliomas  demonstrated 
detectable  tumor  ^®®Re04  uptake  up  to  12  h  post  radio¬ 
nuclide  injection  (Figure  3A).  Ex  vivo  tissue  gamma 
counting  showed  that  maximal  ^®®Re04  uptake  in  tumor 
occurred  at  0.5  h  post  injection  (Figure  3b),  whereas 
’®®Re04  uptake  was  minimal  in  adjacent  normal  brain 
tissue  (data  not  shown).  To  compare  tumor-absorbed 
dose  delivered  by  ’®®Re04  versus  ’^^I  at  the  same 
radioactivity  dose,  a  dual-isotope,  ex  vivo  biodistribution 
study  with  ^®®Re04  and  ’^I  was  performed.  ^^^I  was  used 
in  the  study  instead  of  since  both  share  the  same 
pharmacokinetic  properties  and  it  is  easier  to  quantify 
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the  energy  emitted  by  As  shown  in  Figure  3b, 
uptake  was  higher  than  ’®®Re04  uptake  and  the 
accumulated  had  a  longer  biological  half-life  than 
’®®Re04  in  RG2/hNIS  gliomas  (19.6  versus  6.3  h).  Thus, 
the  ratio  of  cumulative  activity  (A)  for  ’®®Re04  versus 
in  RG2/hNIS  gliomas  was  approximately  1:6,  after 
modification  of  the  time-activity  curves  of  ’®®Re04  versus 
in  tumor  (Figure  3b)  by  the  physical  decay  factors  of 
^®®Re  and  respectively.  The  ratio  of  nonpenetrating 
energy  (Anp)  per  transition  for  ^®®Re  versus  is 
approximately  4:1  (1.66  versus  0.405  rad  g/pCi  h)  when 
considering  all  the  p~  particles.  Auger  and  converting 
electrons  as  nonpenetrating  emission.^  By  incorporating 
the  factors  of  A  and  Anp,  we  concluded  that  the  ratio  of 
self-absorbed  dose  to  tumors  by  ’®®Re04  versus  was 
approximately  2:3,  assuming  that  the  nonpenetrating 
emission  could  be  completely  absorbed  by  the  tumor. 

The  therapeutic  efficacy  of  ^®®Re04  and  in 
prolonging  the  survival  of  rats  bearing  intracerebral 
F98/hNIS  gliomas  was  compared  at  equal  radioactivity 
levels.  Two  batches  of  experiments  were  performed 
(Table  1).  Rats  treated  with  8  mCi  of  ^®®Re04  had  longer 
MSTs  than  rats  treated  with  8  mCi  of  However,  when 
the  survival  time  of  each  rat  was  normalized  to  the  mean 
of  untreated  controls  by  subtracting  the  MST  of  the 
associated  untreated  control  group  from  the  raw  survival 
time,  the  difference  was  not  statistically  significant 
(Student's  f-test,  P=0.09). 


Discussion 

This  study  extends  our  initial  finding  of  modest 
therapeutic  effectiveness  of  in  prolonging  survival 
of  rats  bearing  F98/hNIS  intracerebral  gliomas.®  The 
finding  that  therapeutic  effectiveness  in  F98/hNIS 
gliomas  was  dose-dependent  suggests  that  dose  escala¬ 
tion  could  further  improve  the  efficacy  of  NIS-targeted 
therapy.  The  validation  of  NIS-targeted  therapy 
in  another  animal  model  further  supports  our  hypothesis 
that  NIS-mediated  radionuclide  therapy  may  be  useful  to 
circumvent  the  problem  of  a  narrow  therapeutic  window 
intrinsic  to  brain  tumor  radiotherapy.  The  observation 
that  ’®’I-treated  gliomas  had  reduced  percentages  of  NIS- 
expressing  tumor  cells,  and  that  the  extent  of  this 
reduction  was  more  pronounced  in  rats  with  a  longer 
survival  time  suggests  a  cytoreductive  and/or  a  cyto¬ 
static  effect  of  in  hNIS-transduced  tumor  cells. 
Finally,  the  therapeutic  effectiveness  and  efficiencies  of 
and  ^®®Re04  were  demonstrated  in  rats  bearing 
intracerebral  hNIS-transduced  gliomas.  These  findings 
suggest  that  NIS-mediated  radionuclide  therapy  may  be 
further  improved  by  the  selection  of  an  appropriate 
radionuclide  or  combination  of  multiple  radionuclides 
based  on  the  nature  of  the  tumor. 

The  effective  doses  required  to  achieve  tumor  control 
vary  among  different  tumors.  For  patients  with  high-grade 
gliomas,  it  is  recommended  that  a  total  dose  of  50-60 
Gy  external  radiation  be  delivered  postoperatively.^®  For 
patients  with  metastatic  thyroid  cancer,  ’®’I  therapy  is 
believed  to  be  effective  when  tumor  absorbed  dose  is 
greater  than  80  Gy.^^  Assuming  a  uniform  distribution  of 
radioactivity  in  a  1  mm  diameter  spherical  F98/hNIS 
glioma  in  a  rat  treated  with  16  mCi  of  ’®^I  14  DPI,  we 
estimated  the  absorbed  dose  to  be  26  Gy  (1.6Gy/mCi), 


using  the  MIRD  method.^®  Thus,  a  higher  dose  of 
may  be  warranted  to  further  increase  the  survival  time. 
A  linear  dose  dependency  of  increased  life  span  was 
observed  without  reaching  a  plateau  (Table  1),  suggest¬ 
ing  that  the  dose  of  maximal  therapeutic  efficacy  may  not 
have  been  reached.  In  addition,  little  evidence  of  radio¬ 
toxicity  was  observed  in  rats  given  the  maximum 
(16  m(Zi)  dose  of  ’®’I.  While  some  of  the  rats  did  suffer 
temporary  weight  loss  (1-2%),  they  recovered  their 
weight  in  3-6  days  following  ’®^I  treatment.  It  is  likely 
that  the  weight  loss  was  due  to  radioiodine-induced 
gastritis,  a  common  side  effect  in  patients  treated  with 
’®^I.  Gross  and  microscopic  post-mortem  examination, 
however,  showed  no  difference  in  the  appearance  of  the 
gastric  mucosa  in  treated  rats. 

The  fact  that  the  percentage  of  NIS-expressing  cells 
was  greatly  reduced  in  ’®^I-treated  rats  bearing  RG2/ 
hNIS  gliomas,  and  that  the  degree  of  reduction  corre¬ 
lated  with  the  survival  time  of  ^®’I-treated  rats  suggest 
that  ^®'I  had  a  cytoreduction  effect  on  RG2/hNIS 
gliomas.  By  contrast,  it  is  interesting  to  note  that  a 
reduction  of  NIS-expressing  cells  was  not  evident  in  ’®^I- 
treated  rats  bearing  F98/hNIS  gliomas.  Considering  that 
rats  bearing  F98/hNIS  gliomas  had  a  prolonged  survival 
by  treatment,  and  that  radioiodine  uptake  activity 
was  diminished  in  ^®^I-treated  F98/hNIS  gliomas  (data 
not  shown),  it  is  most  likely  that  had  a  cytostatic 
effect,  rather  than  cytoreduction  effect,  on  F98/hNIS 
gliomas. 

The  therapeutic  effectiveness  of  ^®’I  administered  14 
DPI  (with  undetectable  tumor  size)  was  greater  than 
when  administered  22  DPI  (with  tumor  size  of  approxi¬ 
mately  2  mm®).  This  finding  is  in  agreement  with  clinical 
observations  that  ’®^I  is  more  effective  in  treating 
microscopic,  as  opposed  to  macroscopic,  metastatic 
thyroid  cancer.^’''^^'®®  The  maximal  therapeutic  effect  of 
a  radionuclide  may  occur  when  its  emission  spectrum 
matches  the  targeted  tumor  size.®^'®^  The  calculated 
optimal  tumor  diameter  for  ’®^I  treatment  is  2.6- 
5.0  mm.®^  In  our  study,  the  tumor  diameters  at  14  and 
22  DPI  are  less  than  2.6  mm.  De  Jong  et  al  reported  that 
therapy  appeared  more  effective  at  treating  smaller 
tumors  as  opposed  to  larger  tumors,  when  tumor  size 
is  outside  the  optimal  size  range  for  ^°Y-octreotide.®^ 

^®^I  therapy  appeared  more  effective  in  treating  rats 
bearing  F98/hNIS  gliomas  (45-55%  ILS)  than  RG2/hNIS 
gliomas  (26%  ILS).  This  was  surprising,  not  only  because 
the  intrinsic  radiosensitivity  of  RG2  gliomas  is  reportedly 
greater  than  that  of  F98  tumors,®®  but  also  because  our 
calculated  tumor-absorbed  doses  of  RG2/hNlS  gliomas 
were  higher  than  those  of  F98/hNIS  gliomas  in  rats 
treated  with  the  same  ’®U  activity.  However,  RG2/hNIS 
glioma  had  a  higher  proliferation  rate  in  vitro  and  in  vivo, 
as  suggested  by  an  MST  of  24  days  for  untreated  RG2/ 
hNIS  glioma-bearing  rats  compared  to  35  days  for 
untreated  F98/hNIS  gliomas-bearing  rats  in  both  group 
of  rats  following  implantation  of  1000  tumor  cells. 
Consequently,  the  tumor  sizes  in  rats  bearing  RG2/ 
hNIS  gliomas  would  be  predicted  to  be  larger  than  those 
in  rats  bearing  F98/hNIS  gliomas  at  14  DPI,  when  ’®M 
was  administered.  Thus,  while  greater  radiosensitivity 
and  higher  tumor  absorbed  dose  should  lead  to  a  greater 
extent  of  cytoreduction,  they  do  not  necessarily  translate 
to  better  tumor  control.  Indeed,  our  data  showed  that  the 
reduction  in  NIS-expressing  cells  by  ’®’I  therapy  was 
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more  pronounced  in  RG2/hNIS  tumors  than  F98/hNIS 
tumors,  yet  rats  bearing  F98/hNIS  gliomas  had  a  higher 
%ILS.  Thus,  the  efficacy  of  radionuclide  therapy  may  be 
inadequate  for  tumors  of  high  proliferative  rate  when 
viable  tumor  persists. 

emits  ultra-short-ranged  (generally  less  than  1  |im) 
Auger  and  Coster-Kronig  electrons  and  produces  high 
linear  energy  transfer  (LET)  cytotoxic  effects,  especially 
when  is  deposited  in  the  proximity  of  the  cell 
nucleus.^"*"^^  In  small  tumors,  the  majority  of  the 
P-decay  energy  deposition  occurs  outside  the  tumor, 
suggesting  that  may  be  more  effective  in  such 
circumstances.^^  Conversely,  in  large  tumors  with  an 
uneven  distribution  of  radionuclide,  may  be  inferior 
to  as  Auger  electrons  would  be  ineffective  against 
radionuclide- void  tumor  cells.  Thus,  a  cocktail  approach 
combining  both  Auger  and  P“  emission  may  have  the 
benefit  of  multiple-emission  ranges  to  span  various 
tumor  sizes  and  circumvent  nonuniform  absorbed  dose 
distribution.  Indeed,  our  studies  have  shown  that  8  mCi 
each  of  jg  ^g  effective  as  16mCi  ^^’I  alone, 

despite  a  smaller  tumor  absorbed  dose  (15.4  Gy  versus 
25.6  Gy),  assuming  a  tumor  diameter  of  approximately 
1  mm  at  14  DPI. 

Among  NIS  radioactive  substrates,  radioiodine  is  best 
suited  to  treat  thyrocytes  due  to  radioiodine  retention 
from  iodine  organification.  However,  for  cells  lacking 
iodine  organification,  radionuclides  such  as  ^®®Re04  with 
potent  local  emission  may  be  superior.  Compared  to 
’®®Re04  has  a  higher  nonpenetrating  emission  energy 
spectrum  and  a  higher  dose  rate.  Assuming  that  all  the 
P-decay  energy  is  absorbed  in  targeted  tumors,  Dada- 
chova  et  al  estimated  that  the  ratio  of  tumor-absorbed 
dose  by  ’®®Re04  versus  ’^’I  at  the  same  level  of  radio¬ 
activity  was  about  4.5:1  using  a  murine  xenograft  model 
for  breast  cancer.^®  In  contrast,  our  study  showed  a  ratio 
of  2:3  using  rats  bearing  NIS-transduced  intracerebral 
glioma.  In  the  xenografted  breast  cancer  mouse  model, 
comparable  tumor  uptake  and  retention  time  were 
observed  resulting  in  slightly  higher  cumulative  activity 
of  ’®®Re04  than  that  of  in  contrast,  rats  bearing 

intracerebral  RG2/hNIS  gliomas  had  a  six-fold  lower 
cumulative  activity  of  ’®®Re04  than  ’^'I,  due  to  lower 
tumor  uptake  and  shorter  retention  time.  The  lower 
’®®Re04  uptake  compared  to  radioiodine  in  intracerebral 
NIS-transduced  gliomas  may  be  due  to  its  larger  size  or 
its  metal  nature,  and  therefore,  decreased  permeability  to 
the  BBB.  Indeed,  lower  ^®®Re04  uptake  compared  to  ^^I 
was  also  observed  in  normal  brain  tissues  (data  not 
shown).  The  shorter  retention  time  of  ’®®Re04  than  ^^I  in 
NIS-transduced  gliomas  might  be  the  result  of  a 
difference  in  their  efflux  rate.  Alternatively,  a  faster 
clearance  of  ’®®Re04  than  ^^I  from  blood  circulation  may 
also  contribute  to  a  shorter  retention  time  of  ^®®Re04  in 
NIS-transduced  gliomas. The  slower  clearance  of  ’^I 
from  blood  circulation  is  anticipated  by  the  large  iodide 
pool  in  vivo  that  is  contributed  by  the  thyroid  gland 
reservoir  and  entero-recirculation.**’ 

While  ’®®Re  has  been  investigated  for  various  clinical 
applications,  such  as  endovascular  brachytherapy  or 
labeling  various  compounds  to  treat  cancer  and  to 
palliate  bone  pain,'*^'"*^  this  is  the  first  report  to  examine 
the  therapeutic  effectiveness  of  ’®®Re04  for  NlS-expres- 
sing  tumors.  Assuming  the  tumor  diameter  was  approxi¬ 
mately  about  1  mm  at  14  DPI,  the  tumor-absorbed  dose 


for  rats  carrying  F98/hNIS  gliomas  treated  with  8  mCi  of 
^®®Re04  was  estimated  to  be  2  Gy  with  51.2““78.1%  ILS 
achieved.  In  comparison,  12  Gy  of  tumor-absorbed  dose 
was  delivered  to  similar  rats  by  8  mCi  of  ’^^I  with  35.8- 
40.3%  ILS  achieved.  Thus,  ’®®Re04  appeared  to  be  more 
efficient  than  ^^^I  in  prolonging  the  survival  of  rats 
bearing  F98/hNIS  gliomas.  This  is  likely  explained  by 
the  greater  energy  release  in  a  short  time  interval  by  ’®®Re 
compared  to  ’^^I,  1096  versus  24  keV/day,  respectively.'*'^ 
Other  benefits  of  using  *®®Re04,  instead  of  ^^*1,  to  treat 
nonthyroidal  malignancies  include  the  potential  for  less 
damage  to  the  thyroid  gland  given  the  lack  of  *®®Re04 
organification,^®  and  superior  gamma  scintigraphy 
qualities.  Recently,  NIS-mediated  uptake  of  ^”At, 
an  a  emitter  with  high  LET,  was  demonstrated.'*®''*® 
Thus,  ^"At  may  potentially  be  useful  for  NIS-targeted 
radionuclide  therapy. 


Materials  and  methods 

Establishment  of  rat  models  bearing  intracerebral 
human  NIS  expressing  F98  or  RG2  gliomas 
The  protocol  to  establish  a  rat  model  bearing  human  NIS 
(hNIS)  expressing  F98  gliomas  was  described  pre¬ 
viously.®  A  DNA  construct  containing  full-length  hNIS 
cDNA  driven  by  the  Moloney  murine  leukemia  virus 
long  terminal  repeat  (LTR)  promoter  and  a  selection 
marker  Neo'  driven  by  SV40  promoter  (referred  to  as 
L-hNIS-SN)  was  created  and  transfected  into  PA317 
retroviral  packaging  cells.  PA317  cells  carrying  L-hNIS- 
SN  were  selected  by  geneticin  (G418)  treatment  (Gibco 
BRL,  Grand  Island,  NY,  USA),  and  stable  clones  were 
selected  that  produce  the  recombinant  retrovirus  carry¬ 
ing  hNIS.  As  a  control,  we  produced  a  recombinant 
retrovirus  carrying  empty  vector  (L-X-SN),  F98  or  RG2 
rat  glioma  cells  were  infected  with  recombinant  retro¬ 
virus  carrying  L-hNIS-SN  and  selected  by  G418,  Clonal 
cell  lines  with  stable  NIS  expression  (referred  to  as  F98/ 
hNIS  and  RG2/hNIS,  respectively)  were  isolated  and 
expanded.  Colonies  showing  the  highest  in  vitro  *^I 
uptake  (--40  times  in  F98/hNIS  and  —120  times  in  RG2/ 
hNIS,  as  compared  to  the  non-NIS  transduced  controls) 
were  used  for  further  experiments.  The  control  (F98/ 
LXSN  or  RG2/LXSN)  indicated  respective  glioma  cells 
carrying  the  empty  vector,  L-X-SN,  which  was  generated 
in  a  similar  procedure. 

Male  Fisher  rats  (Harlan  Inc.,  Indianapolis,  IN, 
USA)  weighing  —  200g  were  stereotactically  im¬ 
planted  with  tumor  cells,  as  described  elsewhere.'*^''*® 
Following  induction  of  anesthesia  with  an  intraperito- 
neal  (i.p.)  dose  of  20  mg  ketamine/ 120  mg  xylazine 
mixture  per  kilogram  of  body  weight  (Fort  Dodge, 
Fort  Dodge,  lA,  USA)  in  0.2  ml  volume,  1000  tumor 
cells  in  101  of  serum-free  DMEM  containing  1.4% 
agarose  were  injected  over  10-15  s  into  the  right  hemi¬ 
sphere  using  a  stereotactic  instrument.  At  1  week  prior  to 
the  radionuclide  therapy,  imaging  studies,  or  radio¬ 
nuclide  biodistribution  studies,  rats  were  placed  on  a 
1  ppm  thyroxin  (T4)-supplemented  diet  (Harlan  Teklad, 
Madison,  WI,  USA).®  All  experimental  procedures 
received  approval  from  the  Institutional  Laboratory 
Animal  Care  and  Use  Committee  of  The  Ohio  State 
University. 
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USA)  for  each  animal  injection.  Prior  to  the  euthanization 
of  animals,  2%  Evans  Blue  in  1  ml  normal  saline  was 
injected  intravenously  to  localize  the  brain  tumor  region. 
Groups  of  rats  (three  rats  per  group)  were  killed  by  CO2 
asphyxia  at  the  indicated  time  post  injection,  and  1- 
ml  blood,  thyroid  gland,  stomach,  salivary  gland,  lung, 
liver  and  spleen,  as  well  as  the  brain  were  collected. 
Next,  the  brain  was  cut  into  2-mm  coronal  sections  with  a 
rat  brain  slicer  (Zivic-Miller  Laboratories,  Inc.,  Allison 
Park,  PA,  USA).  From  each  section,  the  Evans  blue- 
stained  tissue  and  a  piece  of  unstained  brain  tissue  were 
excised,  weighed,  and  measured  for  their  radioactivity 
by  a  y-counter.  After  normalization  for  total  adminis¬ 
tered  radioactivity,  the  average  uptake  value  of  radio¬ 
iodine  in  tissues  of  interest  was  determined  as  %ID/g. 


Scintigraphic  studies  of  the  bioiogicai  retention  time  of 
1231  or  ^^^Re04  in  NlS-transduced  tumor 
Serial  or  ’®®Re04  scintigraphies  were  performed 
30  min,  4-6  h,  12-14  h,  and  24-26  h  post  or  ’®®Re04 
i.p.  injection  to  determine  the  biological  retention  time  of 
the  respective  radioisotope  in  intracerebral  tumors. 
Tumor-bearing  rats  were  imaged  under  anesthesia  by 
i.p.  injection  of  the  ketamine /xylazine  mixture.  A  dual 
head  gamma  camera  (Picker  Prism  2000XP  Baseline 
V8.5A,  gantry-fixed,  PCD-  and  SPECT-capable,  Marconi 
Medical  Systems,  Cleveland,  OH,  USA)  equipped  with  a 
pinhole  collimator  and  a  low-energy  ultra-high-resolu- 
tion  parallel  hole  collimator  (LEUHR),  respectively,  on 
each  head  of  the  gamma  camera  was  used  for  imaging 
acquisition  so  that  a  focal  brain  view  and  a  whole  body 
view  were  obtained  simultaneously.  was  purchased 
from  MDS  Nordion  Company  (Toronto,  Canada)  and 
’®®Re04  was  eluted  from  a  ’®®Tungsten/^®®Rhenium 
generator  purchased  from  Oak  Ridge  National  Lab 
(Oakridge,  TN,  USA).  Tumor-bearing  rats  were  injected 
i.p.  with  1  mCi  in  0.5  ml  volume  or  2.5  mCi  ^®®Re04  in 
0.5  ml  and  placed  in  prone  and  supine  positions  so  that 
conjugated  views  (ie  vertex  and  ventral)  could  be 
acquired  at  the  indicated  time  postinjection.  The  total 
injected  dose  was  calculated  by  subtracting  the  post- 
injected  syringe  counts  from  the  preinjected  syringe 
counts.  For  subsequent  calibration  of  tumor  radioactivity, 
a  1-ml  syringe  containing  a  known  amount  of  the 
respective  radionuclide  was  included  as  a  standard  dose 
and  underwent  the  same  tumor  imaging  procedure.  The 
acquisition  time  for  each  time  point  was  5  min.  Regions 
of  interest  (ROI)  were  drawn  over  the  tumor  and 
shoulder  region  (as  a  background)  in  two  views  (vertex 
and  then  ventral)  of  pinhole  images  for  each  different 
time  point.  After  subtraction  of  background  counts,  the 
geometric  means  of  the  counts  rates  (CPM)  for  tumor 
ROI  in  each  view  were  determined.  The  background- 
corrected  count  rates  of  tumor  regions  were  calibrated  by 
standard  count  rates  at  each  time  point  and  calculated  as 
percentage  of  injected  dose  (%ID). 

To  determine  the  average  uptake  value  of  tumor  (%ID 
per  gram  of  tumor,  ie  %ID/g),  tumor-bearing  rats  were 
first  intravenously  (i.v.)  injected  with  2%  Evans  Blue 
(Sigma,  St  Louis,  MO,  USA)  in  1  ml  normal  saline  to  stain 
the  BBB  breakdown  site,  localizing  the  brain  tumor 
region.  The  tumor  weight  was  determined  by  weighing 
the  Evans  blue-stained  tumor  excised  from  the  corres¬ 
ponding  rat  brain  after  imaging  was  completed.  The 
tumor  radionuclide  uptake  was  calculated  and  expressed 
as  %ID/g.  Biological  half-life  (T1/2)  of  radionuclide  in 
tumor  was  estimated  based  on  the  time  activity  curve 
(TAG)  generated  by  plotting  the  tumor  ROI  count  rates 
or  %ID/g  versus  time. 

Ex  vivo  measurement  of  in  vivo  ^^^i  uptake  in  tumor 
and  other  tissues 

^^^I  biodistribution  studies  were  performed  using  groups 
of  tumor-bearing  rats  injected  i.p.  with  carrier-free  ’^I 
(Amersham  Pharmacia  Biotech,  Piscataway,  NJ,  USA)  at 
0.15  |xCi  per  gram  of  body  weight  in  0.5  ml  of  normal 
saline.  Total  administered  radioactivity  counts  were 
calculated  by  subtracting  the  radioactivity  of  the  post- 
injected  syringe  from  that  of  the  preinjected  one 
measured  by  a  y-counter  (Packard,  GMI,  Inc.,  MN, 


Dual  isotope  C^^l  versus  ^^^Re04)  dosimetric  study 
by  ex  vivo  tissue  counting 

Simultaneous  administration  of  ^^^I  and  ^®®Re04  into 
NIS-transduced  glioma-bearing  rats  was  performed  in 
order  to  compare  the  biodistribution  and  retention  time 
of  respective  radioisotopes  as  previously  described.^®  A 
mixture  of  0.15  jxCi  and  2.5  |iCi  ^®®Re04  per  gram  of 
body  weight  in  0.5  ml  normal  saline  was  injected  i.p.  to 
rats  bearing  intracerebral  tumors  about  3-6  mm  in 
diameter.  Evans  blue  solution  was  injected  i.v.  prior  to 
euthanization  at  30  min,  2  h,  6  h,  12  h,  and  24  h  post 
radionuclide  injection,  animals  (N>3  at  each  time  point) 
were  euthanized  by  C02-induced  asphyxia.  Evans  blue- 
stained  brain  tumors,  as  well  as  other  tissues,  were 
collected  and  counted  for  ’®®Re  radioactivity  using  its  y 
energy  window  (155  +  20  KeV).  After  1  week,  when  ’®®Re 
radioactivity  had  decayed,  the  tissues  were  counted  for 
’^I  radioactivity  in  its  y  energy  window  (35 +  10  KeV). 
The  total  administered  radioactivity  for  each  radio¬ 
nuclide  was  measured  in  counts  by  subtracting  the 
radioactivity  of  the  postinjected  syringe  from  that  of  the 
corresponding  preinjected  one  for  each  animal  in  the 
study.  The  average  uptake  value  (%ID/g)  of  respective 
radionuclides  in  tumors  and  other  tissues  at  different 
time  points  was  determined.  TACs  of  ’^®I  versus  ^®®Re04 
in  tissues  of  interest  was  generated  by  plotting  the 
average  uptake  value  versus  time. 

1311,  i^^l,  and  i3^Re04  treatment  of  giioma-bearing  rats 
The  dose,  regimen,  isotope,  and  sample  number  in 
different  experimental  animal  batches  are  summarized  in 
Table  1.  To  investigate  the  therapeutic  effectiveness  of 
we  compared  the  prolonged  survival  of  rats  bearing 
F98/hNIS  gliomas  treated  with  16mCi  of  ’®’I  (N=6), 
16mCi  of  ^^®I  (N=6),  or  8mCi  of  each  (N=6)  with 
untreated  groups  (N—7),  The  total  dose  was  divided  into 
three  fractions. 

One  experimental  study  was  performed  to  compare 
the  therapeutic  effectiveness  of  16  mCi  of  treatment 
in  rats  bearing  F98/hNIS  gliomas  on  DPI  14  (N=8)  versus 
22  (N=8),  and  an  untreated  group  (N— 3)  was  included. 
The  regimen  was  modified  into  two  fractions  12  h  apart 
and  was  used  through  all  of  the  following  experiments. 
Dose  dependency  of  ^®’I  treatment  was  analyzed  by 
performing  an  experiment  with  16  mCi  (iV=7)  versus 
4mCi  (N=6)  treatments  versus  untreated  (N=6)  rats 
bearing  F98/hNIS  gliomas,  in  addition  to  the  data 
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acquired  from  other  batches  of  experiments  that  used 
different  doses  (8  and  5.6  mCi). 

To  compare  the  therapeutic  effectiveness  of  ’®®Re04 
versus  in  prolonging  the  survival  of  F98/hNIS 
glioma-bearing  rats,  experimental  groups  with  8mCi 
^®®Re04  (N=8),  and  8mCi  (N=7)  treatments,  along 
with  an  untreated  control  animals  (JV=6),  were  studied  to 
compare  the  survival  of  animals.  Due  to  the  limited 
amount  of  ^®®Re04  production  from  the  ’®®Tungsten/ 
^®®Rhenium  generator  at  one  time,  the  treatment  experi¬ 
ment  was  divided  into  two  batches. 

RG2  glioma-bearing  rats  were  also  included  to 
investigate  the  resulting  survival  times  by  strategies  of 
NIS  gene  transfer  alone  (N=7),  LXSN  vector  transfer 
{N=7)  alone,  16-mCi  treatment  of  nontransduced 
tumors  (N=7),  or  NIS  gene  transfer  followed  by  16-mCi 
treatment  (N=10)  in  comparison  with  the  control 
group,  that  is  wild-type  RG2  (]V=5). 

The  survival  time  of  each  animal  was  determined  as 
previously  described.®  Rats  were  euthanized  when  they 
displayed  moribund  signs,  which  consisted  of  sustained 
weight  loss,  ataxia,  and  periorbital  hemorrhage.  Survival 
times  were  determined  as  the  day  of  tumor  implantation 
to  the  day  of  euthanization  plus  1  day.  The  observers 
were  not  blinded  when  killing  the  rats.  All  tumor¬ 
bearing  animals  were  grossly  examined  for  any  abnorm¬ 
ality  of  their  viscera  in  necropsy.  The  intracerebral 
tumors  were  confirmed  by  routine  histopathological 
examination  of  hematoxylin  and  eosin-stained  tissues 
sections,  unless  they  were  used  for  ex  vivo  measurement 
of  uptake. 

AnthfiNIS  immunohistochemical  (IHC)  staining 
IHC  staining  was  performed  as  previously  described 
with  some  modifications.  Briefly,  tissue  sections  were 
incubated  with  hNIS  polyclonal  antibody  #331  (1:1,000 
dilution)  at  room  temperature  for  1  h,  and  then  incu¬ 
bated  with  biotinylated  goat  anti-rabbit  IgG  (1:200 
dilution.  Vector  Lab.  Inc.,  Burlingame,  CA,  USA)  for 
20  min.  To  semiquantify  the  hNIS  IHC  signal,  the 
following  0  to  4-f  system  was  used  to  estimate  the 
percentage  of  NIS-expressing  tumor  cells:  0  +  0,  1+25, 
2  +  50,3  +  75,  and  4  +  100%. 


Statistics 

The  average  uptake  values  of  radionuclides  in  tissues  of 
interest  were  expressed  as  mean  +  s.d.  Survival  time 
among  different  experimental  groups  was  also  expressed 
as  mean  +  s.d.  and  then  MSTs  were  compared  using  a 
two-tailed,  unpaired  f-test  with  assumption  of  unequal 
variance.  When  multiple  comparisons  were  made,  the 
difference  of  MST  for  one  indicated  group  from  the 
others  was  determined  by  one-way  ANOVA  with 
Dunnett's  test.  The  %ILS  was  determined  as  the  ratio 
of  the  difference  between  the  MST  of  experimental  and 
untreated  control  groups  and  the  MST  of  untreated 
control  group  multiplied  by  100%.  Regression  analysis 
was  performed  to  test  the  correlation  between  therapeu¬ 
tic  ^®’I  dose  and  resulting  %ILS  and  between  hNIS  IHC 
grading  and  survival  time.  A  P-value  <0.05  was 
considered  statistically  significant.  All  statistical  analyses 
were  performed  using  SAS  JMP  Version  4  (SAS  Institute, 
Cary,  NC,  USA). 
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Imaging  of  metastatic  pulmonary  tumors  following  NIS  gene 
transfer  using  single  photon  emission  computed  tomography 
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The  symporter  (NIS)  is  a  membrane  glycoprotein  that  facilitates  the  uptake  of  iodine  into  thyroid  follicular  cells.  Recently, 

we  and  others  have  demonstrated  the  feasibility  of  imaging  subcutaneous  xenografts  expressing  exogenous  NIS,  suggesting  that  NIS 
may  serve  as  an  imaging  reporter  gene  to  monitor  vector  delivery  and  therapeutic  gene  expression.  In  this  study,  we  established 
NlS-expressing  pulmonary  tumors  in  nude  mice  to  investigate  the  minimal  tumor  size  required  for  in  vivo  detection  of  pulmonary 
tumors  by  single  photon  emission  computed  tomography  (SPECT)  with  pinhole  colIimationMn  order  to  define  the  anatomic  location 
of  NlS-expressing  tumor  nodules  detectable  by  SPECT,  we  performed  simultaneous,  dual-isotope  imaging.  We  injected  1  mCi 
^^"^Tc-MAA  via  tail  vein  to  image  pulmonary  perfusion  and  injected  1  mCi  Na'^^l  intraperitoneally  to  image  NlS-expressing  tumors. 
Fused  images  showed  that  ®^""Tc-MAA  perfusion  defects  correlated  with  NlS-mediated  ^^^1  uptake.  Post-mortem  analysis  revealed 
that  tumors  3  mm  in  diameter  could  be  detected  by  SPECT  with  pinhole  collimdtion.  These  studies  demonstrate  the  feasibility  of 
SPECT  to  detect  pulmonary  tumors  expressing  exogenous  NIS  in  mice. 

Cancer  Gene  Therapy  (2003)  0,  000-000.  doi:10.1038/sj.cgt.770066T 

Keywords:  sodium  iodide  symporter;  SPECT;  nuclear  imaging;  gene  therapy 


The  sodium/iodide  symporter  (NIS)  is  an  intrinsic 
membrane  glycoprotein  with  13  putative  transmem¬ 
brane  domains.  Electrophysiologic  studies  have  shown 
that  NIS  functions  by  cotransporting  one  I”  ion  with  two 
Na*^  ions  into  cells.  ^  In  addition,  other  selected  anions 
(e.g.  Re04  and  TCO4)  are  readily  transported  by  NIS. 
Consequently,  NIS-expressing  Cells  will  uptake  radio¬ 
nuclides  such  as  ^^^I,  ^^‘"Tc,  and  *^^Re,  resulting 

in  their  intracellular  accumulation.  In  tissues  where  NIS 
protein  is  endogenously  expressed,  including  the  thyr- 
oid,^“^  stomach,-^  salivary  gland, and  lactating 
breast, the  accumulation  of  these  radionuclides  can 
be  detected  m  y/vc?  by  nuclear  imaging.  Use  of  these 
radioisotopes  has  long  been  essential  to  the  diagnosis  and 
treatment  of  thyroid  diseases, and  numerous  studies 
have  been  conducted  to  investigate  the  use  of  NIS- 
mediated  radionuclide  accumulation  in  the  diagnosis  and 
treatment  of  nonthyroid  malignancies. 
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Since  the  cloning  of  NIS  in  1996,^’"^  interest  in  the  use  of 
NIS  as  an  imaging  reporter  gene  has  risen  for  several 
reasons.  First,  NIS  is  not  a  foreign  gene;  hence,  it  is 
nonimmunogenic.  Second,  the  tissue  expression  profile  of 
endogenous  NIS  protein  is  limited;  as  a  result,  imaging  of 
exogenous  NIS  function  can  be  performed  in  a  wide 
variety  of  tissues  due  to  limited  background  interference. 
Third,  NIS  mediates  the  uptake  of  radioisotopes  and 
simple  radiopharmaceuticals;  therefore,  complicated 
synthesis  and  labeling  of  substrate  molecules  is  not 
required  for  imaging.  Fourth,  the  radionuclides  employed 
are  specific  to  NIS-expressing  cells,  which  reduces 
unwanted  background  signal.  Fifth,  both  NIS-mediated 
radionuclide  uptake  and  background  clearing  are  rapid, 
which  makes  imaging  feasible.  In  summary,  NIS  and  its 
radionuclides  possess  qualities  favorable  for  an  imaging 
reporter  gene  toward  the  monitoring  and  optimization  of 
gene  delivery  and  expression. 

The  first  imaging  trial  in  tumors  expressing  exogenous 
NIS  was  performed  using  autoradiography  of  rats 
carrying  NIS-transfected  FRTL-Tc  cells,  a  transformed 
rat  thyroid  cell  line  that  has  lost  its  endogenous  NIS 
expression.*^  Subsequently,  in  vivo  planar  scintigraphy 
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has  been  performed  on  NIS-transduced  A375  human 
melanoma  cells/"^  LNCaP  human  prostate  carcinoma 
cells, MH3924  hepatoma  cells, SiHa  human  cervical 
carcinoma  cells,  MATLyLu  TMLL)  rat  prostate  cancer 
cells, F98  rat  glioma  cells, and  ARH-77  multiple 
myeloma  cells.^°  A  variety  of  delivery  methods,  including 
adenoviral^ and  retroviral transduction,  have  been 
used  to  transfer  exogenous  NIS  to  these  nonthyroid  cell 
lines,  demonstrating  the  broad  range  of  cell  types  and 
delivery  methods  that  can  be  employed  in  exogenous  NIS 
gene  delivery. 

Whereas  the  majority  of  these  studies  exploring  NIS  as 
an  imaging  reporter  gene  have  used  planar  scintigraphy, 
*^"*1  positron  emission  tomography  (PET)  has  also  been 
used  recently  to  detect  xenografts  expressing  exogenous 
NIS  in  mice.^^  To  date,  no  studies  have  examined  the  use 
of  single  photon  emission  computed  tomography 
(SPECT)  to  image  exogenous  NIS  expression.  Unlike 
PET,  SPECT  is  more  readily  available  and  does  not 
require  positron  emitting  radionuclides.^^  In  this  study, 
we  examine  the  ability  of  SPECT  to  detect  NIS-expressing 
pulmonary  tumor  nodules  in  nude  mice.  We  demonstrate 
that  multiple,  discrete  pulmonary  NIS-expressing  tumors 
can  be  detected  in  nude  mice,  using  ^^"’Tc  and  *^^I 
SPECT.  Post-mortem  analysis  combined  with  dual¬ 
isotope  SPECT  showed  that  tumors  as  small  as  3  mm  in 
diameter  can  be  detected. 


Materials  and  methods 

Cell  culture  and  in  vivo  tumor  formation 

The  anaplastic  rat  prostate  tumor  cell  line  MLL  were 
grown  in  RPMI  media  supplemented  with  10%  FBS, 
2mM  L-glutamine,  10  mg/ml  insulin,  5. 5  mg/ml  transfer¬ 
rin,  6.7/^g/ml  sodium  selenite,  and  10  U  penicillin/ 
streptomycin.  The  generation  of  MLL/NIS  cells  has  been 
previously  described.  NIS  expression  was  maintained  in 
these  cells  by  the  presence  of  400mg/ml  G-418’ 

Male  2-month-old  BALB/c  nu/nu  mice  (Taconic; 
Germantown,  NY)  were  housed  in  a  sterile  environment 
with  food  and  water  ad  libitum.  Pulmonary  tumors  were 
generated  by  tail  vein  injection  of  cells  in  a  volume  of 
0.25  ml  PBS, 

Flow  cytometry  analysis  of  NIS  expression 

MLL/NIS  cells  (1  x  10^)  were  incubated  with  VJ2  a-NIS 
mAb^^  diluted  1:50  in  FACS  buffer  (3%  FBS,  0.02%. 
NaN3  in  PBS)  at  room  temperature  for  30  minutes.  The 
cells  were  then  washed  once  with  FACS  buffer  and 
incubated  with  FITC-conjugated  a-mouse  IgG  (Sigma) 
diluted  LlOO  in  FACS  buffer  on  ice  for  30  minutes.  The 
cells  were  washed  again  in  FACS  buffer  and  resuspended 
in  fixative  buffer  (1%  paraformaldehyde  in  PBS). 
Fluorescence  was  analyzed  in  5,000  cells,  using  Cell  Quest 
software  (Becton  Dickinson).  Secondary  antibody 
alone  was  used  as  a  negative  control.  The  percentage  of 
NIS-expressing  cells  was  determined  by  gating  the  right 
side  of  the  negative  control  population  at  0.5%. 


Immunohistochemical  staining  of  pulmonary  tumors 

Formalin-fixed  lung  tissues  were  dehydrated  and  em¬ 
bedded  in  paraffin  blocks.  Sections  were  cut  at  10 //m, 
deparaffinized,  and  rehydrated.  After  blocking  in  3% 
H2O2  for  5  minutes,  the  sections  were  rinsed  in 
distilled  water  and  placed  in  a  steamer  containing  citric 
acid  buffer  (pH  5.93)  for  60  minutes  for  antigen 
retrieval.  Sections  were  incubated  with  polyclonal  a-NIS 
#331’  (1:500)  in  TBS  +  1%  BSA  for  1  hour  in  a 
humidified  chamber  at  room  temperature.  The  sections 
were  rinsed  in  TBS  and  incubated  with  HRP-conjugated 
a-rabbit  IgG  (Cell  Signaling)  for  1  hour  in  a  humidified 
chamber  at  room  temperature.  The  slides  were  rinsed 
again  in  TBS  and  incubated  with  chroniagen  substrate 
(Dako)  for  5  minutes  in  a  dark  chamber.  After 
rinsing  with  TBS,  the  slides  were  counterstained  with 
hematoxylin. 

Radioactive  iodine  uptake  assay 

MLL  cells  stably  infected  with  retrovirus  expressing 
either  NIS  or  vector  alone  were  seeded  (5  x  10"^  cells/well) 
in  24- well  plates.  After  1  day,  the  cells  were  incubated 
with  media  containing  2.0 /zCi  Na*^^I  and  5mM  cold 
Nal  for  30  minutes  at  37°C  in  5%  CO2.  Cells  were 
washed  twice  with  ice-cold  HBSS  and  lysed  with 
cold  95%  ethanol.  The  cell  lysate  was  collected  and 
counted  for  ^^^I  activity.  Data  are  presented  as  cpm/ 
1  X  10^  cells. 

SPEC!  studies  of  MLL/NIS  lung  tumors 

We  injected  nude  mice  with  2  x  10^,  1  x  10^  or  1  x  10^ 
MLL/NIS  or  vector-only  MLL  (MLL/LXSN)  cells  via 
tail  vein  and  performed  ^^"^Tc  SPECT  every  3-5  days, 
post- tumor  injection.  All  SPECT  studies  were  performed 
using  an  A-SPECT™  system  provided  by  Gamma 
Medica,  Inc.  (Northridge,  CA).  Animals  were  given  an 
intraperitoneal  (i.p.)  injection  of  1  mCi  Na^^"^Tc04 
and  after  20  minutes  were  anesthetized  using  iso- 
fluorane  inhalation.  The  animals  were  secured  in  the 
rotating  animal  holder  and  a  nose  cone  was  used  to 
ensure  that  the  animal  remained  sedated  for  the 
duration  of  SPECT  acquisition.  SPECT  acquisition  was 
performed  using  a  pinhole  collimator  with  an  aperture  of 
1.0  mm  and  a  2.4  cm  radius  of  rotation.  In  all,  64 
projections  at  60  seconds/image  were  collected,  with  a 
duration  of  60  seconds/image.  The  energy  window  for 
^^'"Tc  was  set  at  141  keV  ±10%.  Postreconstruction 
filtering  was  performed  using  the  Butterworth,  band-pass 
method. 

Dual-isotope  ^^"^Tc-MAA  and  ^^^1  SPECT  studies  of 
MLL/NIS  lung  tumors 

At  2  hours  before  image  acquisition,  animals  were 
injected  i.p.  with  1  mCi  Na^^^L  At  30  minutes  before 
image  acquisition,  the  animals  were  injected  via  tail  vein 
with  1  mCi  ^^"^Tc-MAA  (Draximage)  in  a  volume  of 
0.25  ml.  The  animals  were  anesthetized  with  isofluorane 
and  SPECT  imaged  as  described  above.  We  performed 
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simultaneous  image  acquisition,  using  separate  energy 
windows  for  (35keV  ±10%)  and  (141  keV 

+  10%).  Scattering  contamination  of  ^^""Tc  into  the 
window  was  nonexistent  or  negligible,  due  to  the  small 
size  of  the  mouse  and  the  relatively  large  difference  in 
energies  between  the  ^^"’Tc  and  yrays.  Image  fusion 
was  performed  using  IDL  software  (Research  Systems, 
Inc.). 


Results 

NIS-transduced  MLL  cells  can  uptake  radioiodine  in 
vitro 

Parental  MLL  cells  do  not  express  the  endogenous  NIS 
gene  and  are  unable  to  uptake  radioiodine  (data  not 
shown).  For  our  studies,  we  utilized  a  stable  MLL  cell  line 
that  had  been  infected  with  replication-defective  retro¬ 
virus  expressing  NIS  (MLL/NIS).^®  Flow  cytometry 
analysis  using  nonpermeabilized  MLL/NIS  cells  showed 
that  surface  NIS  expression  was  detectable  in  85%  of  cells 
(Fig  1,  top  panel).  Analysis  of  NIS  function  showed  that 
MLL/NIS  cells  had  a  25-fold  increase  in  RAIU, 
compared  to  vector-only  MLL  cells  (Fig.  1,  bottom 
panel). 


Injection  of  higher  numbers  of  MLL/NIS  cells  correlated 
with  an  earlier  date  of  tumor  nodule  detection  using 
^^^Tc  SPECT 

Immunohistochemical  staining  of  MLL/NIS  pulmonary 
tumors  in  nude  mice  demonstrated  NIS  membrane 
staining  in  tumor  cells,  with  no  staining  in  the  pulmonary 
parenchema  (Fig  2,  lower  panel).  By  contrast,  NIS 
staining  was  not  detectable  in  any  of  the  MLL/LXSN 
cells,  which  carry  the  retroviral  vector  lacking  NiS  (Fig  2, 
upper  panel).  The  majority  of  MLL/NIS  tumors  were 
found  on  the  surface  of  the  lung,  although  occasional 
tumors  were  also  seen  surrounding  blood  vessels  (data  not 
shown).  To  screen  for  tumors  by  SPECT,  we  injected 
nude  mice  with  2  x  10^,  l  x  10^  or  1  x  10^  MLL/NIS  or 
vector-only  MLL  (MLL/LXSN)  cells  via  tail  vein  and 
performed  ^^"’Tc  SPECT  evdry  3-5  days,  post-tumor 
injection.  Pulmonary  tumor  nodules  were  readily  detected 
by  SPECT  in  mice  injected  via  tail  vein  with  2  x  10^, 
1x10"^,  and  1  x  10^  cells  by  20,  17,  and  14  days 
postimplantatidn,  respectively  (Table  1),  after  which 
animals  were  killed.  We  counted  the  number  of  tumors 
on  the  pulmonary  surface  and  measured  their  maximal 
diameters  (Table  1).  Whereas  the  number  of  tumors 
that  developed  after  injection  with  either  2x10^  or 
1x10"^  cells  varied,  the  majority  of  tumors  had  a 
maximal  tumor  diameter  ranging  from  1  to  3  mm.  In 
animals  injected  with  1  x  10^  MLL/NIS  cells,  a  large 
number  of  tumors  had  formed  and  coalesced,  making 
accurate  measurement  of  tumor  diameters  impossible 
(Fig.  3,  bottom  row). 


Figure  1  In  vitro  characterization  of  MLL/NIS  cell  line.  Upper  panel: 
Flow  cytometry  analysis  showed  that  surface  NIS  expression  was 
detectable  in  85%  of  MLL/NIS  cells.  MLL/NIS  cells  were  incubated 
with  VJ2  a-NIS  monoclonal  antibody  followed  by  FITC-Iabeled  a- 
mouse  (solid  line)  or  with  FITC-Iabeled  a-mouse  alone  (dashed  line). 
Lower  panel:  MLL/NIS  cells  showed  a  25-fold  Increase  in  ‘‘^^l  uptake, 
compared  to  vector-only  ceils  (LXSN). 


Multiple,  distinct  pulmonary  tumor  nodules  can  be 
detected  with  SPECT 

In  animals  not  injected  with  tumor  cells  (Fig  3,  top  row), 
^^"^Tc  uptake  was  only  detectable  in  tissues  that  express 
endogenous  NIS,  such  as  the  stomach  (St),  salivary  gland 
(SG),  and  thyroid  gland  (Th).  Following  injection  of 
1x10^  MLL/NIS  cells  (Fig  3,  bottom  row),  the  tumors 
had  coalesced,  and  distinct  lung  nodules  could  not  be 
identified  by  SPECT.  In  mice  injected  with  1x10"^  MLL/ 
NIS  cells  (Fig  3,  middle  row),  distinct  lesions  were 
detectable  by  SPECT,  Multiple,  discrete  ^^‘”Tc-avid 
lesions  are  clearly  visible  in  serial  transverse  images 
generated  following  image  reconstruction  (Fig  4).  Post¬ 
mortem  analysis  of  the  lungs  revealed  the  presence  of  22 
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Figure  2  Immunohlstochemical  staining  of  NIS  in  vector-only  MLL : 
cells  (upper  panel)  and  in  MLL/NIS  cells  (lower  panelj;  Positive 
membrane  staining  was  detected  in  MLL/NIS  tumor  cells,  Inter¬ 
spersed  with  nonstaining  ceils.  Paraffin-embedded  tissues  were 
sectioned  at  10  m  thickness.  Sections  were  incubated  with  polyclonal 
a-NlS  antibody  #331,  detected  with  an  a-rabbit  2°  Ab  conjugated  to 
horseradish  peroxidase,  and  counterstained  with  hematoxylin 
(x20). 


surface  tumors,  compared  to  14  areas  of  ^^"^Tc  uptake 
detected  by  SPECT  (Fig.  3,  middle  row).  Owing  to  the 
lack  of  reference  points  defining  pulmonary  anatomy  in 
SPECT,  it  was  not  possible  to  precisely  correlate  ^^"’Tc- 
vid  lesions  with  tuntor  location  post  mortem. 


Figure  3  Injection  of  1  x  10^  MLL/NIS  cells  via  tail  vein  results  in 
distinct  pulmonary  tumor  nodules  that  are  detectable  by  SPECT 
imaging.  The  left  column  is  gross  pathology,  the  middle  column  Is  an 
anterior  view  of  a  reconstructed  3D  image,  and  the  right  column  is  a 
sagittal  view  of  a  reconstructed  3D  image.  Image  acquisition  was 
performed  30  minutes  after  i.p.  injection  of  1  mCi  of  Na®®"’Tc04.  In 
the  animal  not  injected  with  tumor  cells  (top  row),  radionuclide  uptake 
is  only  detectable  In  the  stomach  (St),  salivary  gland  (SG),  and 
thyroid  (Th).  In  mice  injected  with  MLL/NIS  cells  via  tail  vein  (bottom 
two  rows),  examples  of  ^^'"Tc-avid  pulmonary  lesions  are  circled. 
Note  that  separate  tumor  nodules  are  detectable  In  the  animal 
imaged  on  DPI  18  with  1  xIO"^  MLL/NIS  cells  (middle  row).  By 
.  contrast,  in  the  animal  imaged  on  DP1 14  with  1x10®  MLL/NIS  cells 
(bottom  row),  lung  tumors  have  coalesced,  and  distinct  lung  nodules 
cannot  be  Identified. 


Anatomic  location  of  pulmonary  MLIVNIS  tumors  can 
be  defined  using  dual- isotope  SPECT 

In  order  to  define  the  anatomic  location  of  NIS-mediated 
radionuclide  uptake  detectable  by  SPECT,  we  performed 
simultaneous,  dual-isotope  imaging  of  MLL/NIS  lung 
tumor  nodules.  Mice  were  given  an  i.p.  injection  of  ^^^I  to 
image  MLL/NIS  tumors  and  a  tail  vein  injection  of 
macroaggregated  albumin,  labeled  with  ^^"'Tc  (^^"^Tc- 
MAA),  to  image  pulmonary  perfusion.  By  using  ^^*^Tc- 
MAA  to  define  pulmonary  anatomy,  we  were  able  to 
determine  the  anatomic  location  of  the  ^^^I-avid  lesions. 


Table  1  In  wVo  characterization  of  MLL/NIS  tumor  formation  in  the  lungs  of  nude  mice 


Number  of  MLL  cells 
injected 

Mice  (n) 

Earliest  date  of  detection 
by  A-SPECT 

Number  of  surface  nodules 

Surface  nodule  diameter  (%) 

<1  mm 

1-2  mm 

2-3  mm 

>3mm 

2x10® 

2 

DP120 

37-72 

12 

49 

35 

5 

1  xIO"' 

4 

DP117 

8-36 

21 

44 

26 

8 

1  xIO® 

11 

DP114 

>200 

ND 

Nude  mice  were  injected  with  different  numbers  of  MLL/NIS  cells  via  tail  vein  in  a  volume  of  0.25  ml.  SPECT  studies  were  performed  30 
minutes  after  i.p.  injection  of  1  mCi  of  Na®®'^c04,  every  3-5  days  postnjection  (DPI).  ND  =  not  determined. 
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Figure  4  Serial  transverse  slices  from  a  SPECT  study  of  a  mouse  bearing  MLiyNlS  pulmonary  tumor  nodules.  Each  slice  is  0,59  mm  In 
thickness,  as  calculated  from  the  field  of  view.  Image  acquisition  was  performed  30  minutes  after  l.p.  injection  of  1  mCi  of  ®®^Tc,  on  DP1 18  with 
1x10"^  MLL/NIS  cells  via  tall  vein.  The  relative  locations  of  the  Individual  slices  are  indicated  In  the  reference  frame  (lower  right  corner). 
Examples  of  ®®"^Tc-avid  pulmonary  lesions  are  circled.  In  addition,  tissues  expressing  endogenous  NIS,  such  as  the  stomach  (St),  salivary  gland 
(SG),  and  thyroid  (Th)  are  detected. 


Post-mortem  analysis  of  the  lungs  revealed  the  presence  of 
eight  surface  tumors,  three  of  which  correlated  to  the 
location  of  the  ^^^I-avid  lesions  detected  by  SPECT 
(Fig  5).  All  three  of  the  tumors  detectable  by  SPECT  had 
a  maximal  diameter  of  at  least  3  mm  (two  were  3  mm  in 
diameter  and  one  was  4  mm).  By  contrast,  the  tumors  not 
detected  by  SPECT  had  maximal  diameters  less  than 
3  mm  (one  was  <  1  mm,  one  was  2  mm,  and  the  remaining 
three  ranged  between  1  and  2mhi).  Thus,  we  concluded 
that  a  diameter  of  3  mm  was  sufficient  for  tumor  detection 
by  SPECT  with  pinhole  collimation. 


Discussion 

The  utility  of  NIS  to  serve  as  an  imaging  reporter  gene 
depends  on  several  variables  that  have  not  yet  been 
characterized.  The  minimum  amount  of  NIS  expression 
required  for  optimal  detection  in  vivo  and  the  minimal 
tumor  size  required  for  optimal  detection  must  be 
determined  and  are  likely  interdependent.  In  addition, 
the  sensitivity  and  quality  of  NIS  imaging  among  various 
radionuclides  and  imaging  modalities,  such  as  planar 
scintigraphy,  SPECT,  and  PET,  should  be  compared. 


Finally,  the  utility  of  NIS  as  an  imaging  reporter  gene  will 
depend  on  the  signal-to-noise  ratio,  which  will  differ 
based  upon  the  tissue  properties  in  which  the  tumor  is 
located. 

The  minimal  tumor  size  required  for  detection  in  vivo 
by  nuclear  imaging  is  affected  by  several  variables,  such  as 
the  level  of  NIS  expression  and  the  percentage  of  NIS- 
expressing  cells  in  targeted  tumors,  as  well  as  the 
radionuclide  employed.  Our  studies  employed  a  mixed 
population  of  NIS-expressing  cells,  which  may  have 
contributed  to  the  inability  to  detect  all  tumor  nodules 
visible  at  necropsy  using  SPECT.  It  has  recently  been 
demonstrated  that  NIS-negative  cells  grow  more  rapidly 
than  NIS-positive  cells  in  nude  mice.^"^  It  would  be  of 
great  interest  to  correlate  the  detectability  of  a  given 
tumor  with  the  percentage  of  NIS-expressing  cells  in  our 
animal  model.  Further  studies  will  be  required  to 
determine  the  degree  to  which  the  percentage  of  NIS- 
positive  cells  affects  the  minimal  detectable  tumor  size.  In 
addition,  level  of  NIS  expression  will  also  affect  the  ability 
to  detect  NIS-expressing  tumors.  Our  MLL/NIS  cells 
express  a  relatively  high  level  of  NIS,  displaying  a  25-fold 
increase  in  radioiodide  uptake  in  vitro.  The  use  of  a  tumor 
model  with  inducible  NIS  expression  should  provide 
answers  regarding  the  minimal  expression  level  of  NIS 
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Figure  5  Dual-isotope  SPEC!  study  of  a  mouse  bearing  MLL/NIS 
lung  tumor  nodules.  SPECT  was  performed  on  DPI  20  with  1x10"^ 
MLL/NIS  ceils  via  tail  vein,  (a)  Gross  pathology  of  the  lungs  removed 
after  A-SPECT  imaging.  Three  large  tumors  are  visible  on  the 
surface  of  the  lung  (circled),  (b)  Anterior  view  of  a  reconstructed  3D 
image,  acquired  2  hours  after  i.p.  injection  of  1  mCi  of  Na''^^l.  Three 
^^®l-avid  lesions  are  visible,  as  are  the  thyroid  gland  (Th)  and  the 
stomach  (St),  (c)  Serial  frontal  slices  from  a  simultaneous  SPECT 
study  using  ‘'^^l  and  ^^"’Tc-MAA.  Each  slice  is  0.59  mm  in  thickness, 
as  calculated  from  the  field  of  view.  In  order  to  perform  dual-isotope 
imaging  simultaneously,  1  mCl  of  Na^^^l  and  1  mCi  of  ®®'^Tc-MAA 
were  injected  2  hours  (i.p.)  and  30  minutes  (tail  vein)  prior  to  image 
acquisition,  respectively.  Uptake  of  ‘'^^l  by  the  three  tumor  nodules 
and  the  stomach  is  shown  In  green.  Pulmonary  perfusion,  as 
detected  by  ^^'^Tc-MAA,  is  shown  In  red.  i;- 

required  for  in  vivo  detection.  A  systematic  evaluation  of 
the  level  of  NIS  expression  and  the  percentage  and 
minimal  number  of  NIS-expressing  cells  required  for 
detection  should  provide  insight  into  the  limitations  of 
using  NIS  as  an  imaging  reporter  gene. 

Using  ^^^I  SPECT,  we  were  able  to  distinguish  multiple, 
discrete  lung  tumors  as  small  as  3  inrh  in  diameter.  It  may 
be  possible  to  detect  tumors  with  smaller  diameters  using 
^^"'Tc  SPECT,  due  to  the  higher  energy  and  decreased 
tissue  attenuation  of  ^^*^Tc  relative  to  Although  our 
results  are  not  directly  applicable  to  human  studies  (due 
to  the  inability  to  use  pinhole  collimation  for  whole  lung 
field  imaging  and  the  weak  gamma  emission  of  *^^I),  the 
ability  to  detect  ^^^I  accumulation  using  SPECT  in  small 
animals  is  noteworthy.  ‘^^I  is  commonly  used  in  ex  vivo 
molecular  biology  studies  to  label  oligonucleotides, 
antibodies,  digands,  and  pharmaceuticals.  These  com¬ 
pounds  can  be  iodinated  relatively  easily,  and  the  long 
half-life  ^^^I  (60  days)  makes  it  favorable  for  longitudinal 
studies  in  vivo.  Thus,  SPECT  could  be  a  useful 
technique  to  determine  the  biologic  half-life  and  biodis¬ 
tribution  of  a  variety  of  iodinated  compounds  in 
preclinical  small  animal  studies. 

The  feasibility  of  NIS  as  an  imaging  reporter  gene  has 
now  been  demonstrated  using  all  three  nuclear  medicine 


imaging  modalities:  planar  scintigraphy,  SPECT,  and 
PET.  It  will  be  interesting  to  compare  the  technical 
limitations  and  image  quality  of  these  modalities  in 
detecting  NIS-mediated  radionuclide  accumulation. 
One  important  capability  of  SPECT  that  differentiates 
it  from  PET  is  dual-isotope  imaging.  Dual-isotope 
studies  are  a  powerful  tool  for  investigating  multiple 
targets  simultaneously  using  isotopes  that  emit  photons 
of  different  energies.  In  contrast,  PET  scanners  are 
restricted  to  detection  of  radiopharmaceuticals 
emitting  511keV.^^  In  our  SPECT  studies,  we  used  *^^I 
to  image  MLL/NIS  tumors  and  ^^"’Tc-MAA  to  define 
pulmonary  anatomy,  allowing  us  to  define  the  anatomic 
location  of  ^^^I-avid  tumors.  These  results  demonstrate 
the  potential  use  of  SPECT  to  simultaneously  analyze 
exogenous  NIS  expression  with  other  physiologic 
parameters. 

Both  PET  and  SPECT  studies  are  superior  to  planar 
scintigraphy  because  they  permit  3D  image  reconstruc¬ 
tion.  In  contrast,  planar  scintigraphy  results  in  the  loss  of 
geometry  due  to  compression  into  two  dimensions  and 
loss  of  sensitivity  due  to  signal  per  volume  averaging.  The 
advantage  of  PET  lies  in  its  ability  to  quantify  a  wide 
variety  of  biochemical  processes  with  high  sensitivity.^^ 
The  usefulness  df  PET  in  preclinical,  small  animal  studies 
may  be  restricted,  however,  by  the  requirement  for  a  local 
cyclotron,  and  the  cost  and  short  half-lives  of  the 
radionuclides  generated.  The  use  of  SPECT  to  detect 
exogenous  NIS  has  many  potential  advantages  over  PET, 
including  the  ability  to  detect  readily  available  radio¬ 
nuclides,  such  as  *^*I,  ^^^I,  and  ^^*"Tc.  While  it  is  not 
yet  clear  whether  PET  or  SPECT  will  provide  better 
resolution  in  small  animal  imaging,  the  ease  of  use  and 
lower  cost  of  SPECT  make  it  an  attractive  technique  for 
imaging  NIS  function. 

The  ability  to  localize  NIS-mediated  radionuclide 
uptake  anatomically  will  be  enhanced  by  the  addition  of 
X-ray  micro  computed  tomography  (micro-CT).^^  CT 
will  allow  coregistration  of  CT-SPECT  images  and  the 
selection  of  regions  of  interest  on  the  anatomic  images 
from  the  CT.  These  regions  can  then  be  used  to  extract 
radioisotope  counts  from  the  SPECT  raw  data  and 
quantitatively  analyze  NIS-mediated  uptake.  In  addition, 
the  presence  of  CT  will  allow  SPECT  images  to  be 
corrected  for  scatter  and  tissue  attenuation  following 
reconstruction.  The  ability  to  accurately  quantify  the 
amount  of  radionuclide  accumulation  will  be  essential  for 
the  use  of  NIS  as  a  surrogate  marker  for  therapeutic  gene 
expression  in  preclinical  animal  models. 

In  this  study,  we  demonstrate  that  multiple,  discrete 
NIS-expressing  pulmonary  tumors  can  be  detected  in  vivo 
using  ^  "'Tc  and  *^^I  SPECT  with  pinhole  collimation. 
The  finding  that  a  higher  number  of  injected  cells 
correlated  with  an  earlier  date  of  tumor  detection 
indicates  that  a  minimal  number  of  NIS-expressing  cells 
and/or  target  tissue  size  are  required  for  in  vivo  detection. 
Finally,  the  combination  of  dual-isotope  SPECT  and 
post-mortem  analysis  shows  that  NIS-expressing  pulmon¬ 
ary  tumors  as  small  as  3  mm  in  diameter  can  be  detected 
by  SPECT. 
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